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Research Summary 
This research aimed to study the likely impacts of climate change and climate 
variability on soybean yields in Uruguay in the long-term, to 2060. More 
precisely, by considering climatic factors, soil features and economic data, the 
purpose was to identify the most suitable areas to produce soybeans now and 
in the future, in order to increase the output and reduce its volatility, while 
minimising the use of inputs (like fertilisers and agrochemicals) and reducing 
the negative impacts on the environment. 
The main two stages of the research methodology were the definition of a 
future baseline scenario for the soybean sector and the construction of risk 
scenarios. In order to build the baseline scenario, a Land Suitability Analysis 
(LSA) was conducted, estimating the expected changes in soybean yield due to 
climate change in different regions in the study area (which represents 90% of 
the total soybean area). Then, the implications that the possible changes on 
yields would have on economic margins were assessed. Finally, the impacts of 
climate variability on yields and profits were tested by means of a Monte Carlo 
analysis, which simulates hundreds of climate scenarios. The analysis was also 
complemented with information about relevant environmental areas. 
The results showed that climate change would imply a slight drop in the land 
suitability to produce soybean as we move into the future (of 4%, as measured 
by the land suitability index estimated here). This responds to the fact that, 
although an increase in rainfall is projected towards 2060, higher temperatures 
are likely as well. Consequently, the difference between water supply and 
demand would remain almost unchanged. Additionally, current soybean 
average yield is far from its potential and the most restrictive factor is water 
deficit. This highlights the need for supplementary irrigation, although many 
aspects have to be assessed. 
The economic evaluation showed positive results under the defined 
assumptions. The Monte Carlo analysis indicated that in all the simulated 
scenarios the net present value was positive. This means that the losses 
generated during the “bad” years would be more than compensated by the 
gains of the "good" years within the projection period. However, this research 
did not consider the situation of those who pay a rent for land agricultural use. 
Although this research was based on a case study in Uruguay, the methodology 
applied can be clearly extended to other regions and commodities. In fact, a 
broader assessment is needed to support land use optimisation strategies, 
encouraging those activities that reach a better balance between different 
dimensions (i.e. those that are both ecologically friendly and socio-
economically feasible) and promoting a sustainable rural development. 
Keywords: soybean, climate change and variability, scenario and risk analyses, 
LSA, Monte Carlo analysis, sustainability.  
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I - Introduction 
 
This chapter describes the background of the research, the problem situation 
that is tackled in this study. It also defines the specific aim of the analysis, the 
research questions that were formulated and the expected outcomes. Finally, 
the structure of the research is depicted through a diagram. 
 
I.1 Research Context 
 
The primary sector is of great importance in Uruguay due to its contribution to 
the Gross Domestic Product (GDP). In fact, even when its direct impact is 
relatively low (it only accounts for less than 10% of the total GDP1), when we 
consider their spill overs on other sectors (especially in the manufacturing 
industry, transport and services), its influence increases considerably. In this 
regard, a study made by Terra et al. (2009) concluded that agriculture has the 
greatest diffusion effects on the economy. Furthermore, more than 70% of our 
exports are based on agriculture, which shows our comparative advantage in 
that area. 
The agricultural sector is also one of the activities most vulnerable to climate 
variability and change. In that sense, empirical evidence shows that in the last 
decades there has been a shift towards warmer conditions and greater annual 
cumulative precipitations. There is also a perception that the frequency and 
intensity of droughts has risen (Bidegain, 2012). These changes have severely 
affected the primary production and have been considered by farmers and 
agronomists as one of the most important problems that the sector faces, 
according to a survey conducted in 2013 by Equipos Mori. Looking forward, the 
Intergovernmental Panel on Climate Change (IPCC, 2014) claimed that climate 
is going to continue changing in the future. In particular, even warmer and 
wetter conditions are expected for Uruguay in the coming years. 
Additionally, the primary sector depends heavily on natural resources, which 
are under increasing pressure, in a context in which the sustained growth of 
world population and incomes are demanding more from food, energy, and 
water systems (FEWS). For instance, Uruguay with a population of 3.5 million 
currently produces enough food for almost 30 million people and it is expected 
to be able to feed 50 million in 2055 (MGAP, 2018). 
                                                          
1 See BCU, National Accounts 2017 http://www.bcu.gub.uy/Estadisticas-e-
Indicadores/Paginas/Presentacion%20Cuentas%20Nacionales.aspx 
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From a business perspective, the evolution of domestic costs and sale prices 
has tended to reduce margins in the agriculture sector in Uruguay. Hence, the 
sector is under pressure to increase its productivity to remain profitable. 
Regarding the recent evolution of this sector, since the early 2000s a process of 
profound change has taken place. Specifically, a significant intensification of 
agricultural production has been seen, with a rise in the area designated to 
crops - underpinned by the advance of soybeans - and forestry. At the same 
time, despite the reduction observed in the area designated to livestock, the 
production of meat and milk per hectare has also grown. However, these 
changes would have accentuated environmental issues, such as soil erosion and 
water pollution, due to inadequate management practices. 
In that context, in 2009 the Uruguayan government started implementing some 
measures to tackle those problems and to reduce the vulnerability of the 
agricultural sector to climate and other factors of changes. Specifically, it set 
policies in the following areas: soil conservation, grassland management, 
technology transfer in the livestock sector, use of agrochemicals, rural 
development, traceability and irrigation (Kanter et al., 2016). Additionally, it 
started working on a National Adaptation Plan and established its Nationally 
Determined Contribution (NDC), after the Paris agreement in 2015. 
Those policies are undoubtedly of great relevance. Arguably, the government 
needs to play a significant role in setting the conditions for expanding 
agricultural output and productivity in a sustainable way. That means 
producing with the minimum possible negative impact on the environment, 
preserving natural resources (like soil, water, air, biodiversity), maintaining the 
productive capacity and services of ecosystems in the long term, while also 
preserving profitability and business conditions. History shows that economic 
growth may be detrimental to the environment. This may be because short-
term economic goals are prioritised above other objectives. Additionally, the 
complex and deferred consequences of the effects of our actions on 
ecosystems exacerbate this issue. In that sense, the government has an 
important role in providing correct incentives to guide activities towards the 
achievement of a sustainable production intensification. 
 
I.2 Research Questions and Aim 
 
Considering all the above, this research aims to contribute to the strategic 
planning process (already started by the government) for a sustainable 
intensification of agriculture, by focusing on one of the most important 
products: soybeans. In particular, the purpose is to identify the most suitable 
areas to produce soybeans now and in the future, in order to increase the 
output and reduce its volatility, while minimising the use of inputs (like 
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fertilisers and agrochemicals) and reducing the negative impacts on the 
environment. The last comment refers to the fact that if soybean production is 
placed in the most suitable areas to produce it, the need to incorporate external 
inputs would be reduce as well as their environmental impacts. 
That assessment involves answering the following questions:  
(i) In which areas are soil features and climate conditions ideal for soybean 
cultivation?  
(ii) What are the major enabling/limiting factors of soybean yield in Uruguay?  
(iii) What are the expected changes in climate variables (rainfall and 
temperature) in the future?  
(iv) How will soybean yields be affected by climate changes?  
(v) How will those changes in physical productivity affect economic profits? 
 
I.3 Expected Outcomes  
 
Considering the aims previously described, the following are expected 
outcomes of this project: 
- Propose adaptation measures to reduce the vulnerability of the agro-
systems and to take advantage of opportunities that can emerge with climate 
change. As an example, the measures could be of the following kind: a) suggest 
specific areas to produce soybeans that are likely to be positively affected by 
climate change in the future or that are less risky and/or b) suggest 
current/future highly productive areas to make investments (e.g. in irrigation 
or transport). 
- Provide a methodology to evaluate climate impacts on agriculture and support 
sustainability studies. In fact, this research tries to contribute towards a 
broader assessment of agriculture, which should incorporate several 
products/commodities and not limit itself to economic performance. In fact, I 
think land use optimisation strategies should encourage those activities that 
reach a better balance between different aspects (i.e. those that are both 
ecologically friendly and socio-economically feasible), in order to promote a 
sustainable rural development. 
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I.4 Thesis Outline 
 
This project is organised in five major sections. It first introduced the analysis 
to be conducted. The following chapters are described in the diagram below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
I. 
Introduction 
This chapter explains the problem situation that is analysed in this study, 
along with the research objectives, questions and expected outcomes.  
II. 
Literature Review 
This chapter describes the main theoretical approaches developed so far in 
relation with sustainability, climate change and agriculture. It also 
summarises the most important literature currently available in relation to 
climate impacts on soybean yield.   
 
Results 
This section shows the main results obtained from the applications of the 
methodology. The intermediate results are presented in the annexes.  
 
Research Framework 
It describes the methodology applied in this research, which includes the a 
Land Suitability Analysis and an economic and risk analysis. It also includes 
the study area, the commodity selected, and the expected changes in 
climate variables.  
III. 
 
Conclusions 
The lessons learned from the application of the methodology in the 
Uruguayan case are outlined in this chapter. Additionally, some 
methodological considerations are made and further research is 
suggested. 
V. 
IV. 
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II – Literature Review  
 
II.1 Sustainable Development 
 
In this section, some of the most relevant theoretical approaches developed so 
far related to sustainability, climate change and agriculture are described. 
Those conceptual frameworks are of great relevance because they provide all 
the elements that support and guide the analysis carried out in this study. 
The logic with which this section was structured is summarised in the following 
diagram. 
Figure 1. Sustainable development framework. 
 
 
The ultimate motivation of this research is to support a sustainable 
development of communities. According to the WCED (1987), that notion 
denotes the situation where the needs of the present are met without 
compromising the ability of future generations to meet their own needs. 
The goal of sustainability has been and will continue to be affected/ threatened 
by several drivers of changes. Those include a sustained increase of world 
population and incomes, changes in the pattern of demand, technological 
changes and climate change, to mention some. 
In relation to climate, it is worth clarifying some concepts. In particular, while 
weather describes the current atmospheric conditions at a specific place and 
time (it changes from day to day), climate refers to the ‘average’ pattern or the 
statistical description of weather over several decades (Pacific Climate Futures, 
2018). Climate change is therefore, the change observed in the long-term 
climate statistics (AMS, 2012). On the other hand, climate variability is the 
climate fluctuation occurred within years or seasons. In summary, those 
concepts operate at different time scales and that can be appreciated in the 
graph below. 
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Figure 2. Weather and Climate Temporary Scales. 
Source: Pacific Climate Futures. 
Climate variability is also associated with standard deviations and the 
occurrence of extreme events (IPCC, 2014). That fact can be observed in the 
following graph. 
Figure 3. Climate Variability. 
 
Figure 3. shows that expected changes may imply simultaneous shifts in the mean and 
deviation of climate variables. In this example, it is assumed an increase in both 
statistic measures, which determine a rise in the final likelihood of extremes. Source: 
Centre of Global Change (2009). 
 
Agriculture is one of the most vulnerable sectors to climate change and 
variability and it is also affected by the other commented drivers of change. In 
that context, new theoretical frameworks that try to address those issues have 
arisen in recent years. One of the most known is the eco-economy or the bio-
economy model. Additionally, other similar frameworks like the circular 
economy or the green and blue economy have emerged. 
According to Kitchen and Marsden (2009) the eco-economy model implies a re 
conceptualisation of the rural area. In fact, traditionally, farmers have faced a 
continuous squeeze between decreasing sale prices and increasing costs of 
production, which encouraged them to try new value-adding and multi-
functional activities. Additionally, the current methods of production are not 
environmentally sustainable and have resulted in a continued decrease in the 
number of employees in the rural areas. The eco-economy theory proposes 
therefore, the transformation, diversification and expansion of traditional rural 
activities. Specifically, new products like organic food have recently emerged. 
Additionally, there is a movement towards shorter supply chains, local 
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production to supply local markets and more integration between rural and 
urban spaces. Finally, there has been an increase in the interactions between 
the economic activities and the ecosystems, through for example, the 
conservation of natural resources, the provision of agri-tourism, leisure, sports, 
heritage attractions, special events, equine activities, and energy crops. 
Marsden (2010) pointed out that there are six important aspects underpinning 
rural development. Those are endogeneity, novelty, social capital, market 
governance, new institutional arrangements and sustainability (see figure 4). 
Endogeneity refers to the factors that are determined within the systems. It 
refers to the extent to which rural areas are built upon local resources and 
entrepreneurship, are organised conforming local models and are 
strengthened within the local community. Novelty means new information, 
practices, objects or combinations. Social capital encompasses the norms and 
links that allow people to act together. Market governance refers to the 
institutional capabilities to control and strengthen markets. New institutional 
arrangements are those that resolve coordination problems and support 
cooperation among actors. The last dimension denotes the activities that 
promote the long-term sustainability of ecosystem services. 
Figure 4. Important aspects of the eco-economy model. 
 
 
 
 
 
 
                      Source: Marsden (2010). 
Faggian and Sposito (2011) also emphasised the importance of the concept of 
multi-functionality of agriculture in the eco-economy model (use natural 
resources not only to produce food and fibre, but also other products like 
energy or tourism). They pointed out that there are three possible pathways or 
three regimes of multi-functionality: ´weak´, ´moderate´ and ´strong´. They go 
from a vision with low environmental sustainability in the weak version to a 
vision with high environmental sustainability in the strong regime. Besides, in 
the weak version, production is locally dis-embedded, there is a strong 
integration into global markets, long food supply chains, low degree of 
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diversification. The opposite happens in the strong regime. However, in 
practice the boundaries between the regimes may not be well defined. 
Similarly, Wilson (2010) worked with different ‘levels’ of multi functionality and 
argued that the ‘strong’ regime should be considered as a normative ideal for 
rural development. It is in that situation where the strongest resilience of the 
system is achieved and the three spheres (economic, social and environmental) 
are equally well developed (balanced). 
The idea stated by Wilson can be appreciated in figure 5. It suggests that 
economic activities should be evaluated in terms of its contribution to many 
aspects and those that provide a better balance should be promoted. This 
research considered only some aspects of them and therefore, complementary 
analysis would be needed to account for the other considerations. 
Figure 5. Sustainability dimensions. 
Source: own elaboration based on Wilson (2010), key elements. 
Other authors also highlighted the relevance of considering multi-criteria 
objectives when studying future activities to develop rural areas. For instance, 
Giddings et al. (2002) defined sustainable activities as those that reconciled 
conflicts between the environmental, social and economic spaces. Additionally, 
Oliveira and Pinho (2010) explained the importance of conducting a multi-
criteria analysis and highlighting the degree of subjectivity involved in the 
decision making process. This is particularly relevant in a rural and urban 
planning context in order to evaluate the most appropriate land use. 
Along that line, Polasky et al. (2008) presented an approach to land use 
optimisation, by studying how to protect/maintain biodiversity while meeting 
the growing human needs. Their conclusions are positive and hopeful, since 
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they suggested that it is possible to increase substantially both the biodiversity 
conservation and economic return, by reorganising the land use patterns. They 
worked with a spatial land use model and assessed the biodiversity and 
economic consequences of different land layouts.2 The authors found that the 
current pattern observed in a basin in Oregon, USA, was not a “Pareto 
optimum”. That means that it was possible to improve in one of the objectives 
(environment or economic), without worsening the other (there are 
opportunities for win-win situations or small loss - big gain situations). Hence, 
it was possible to improve in both aspects and reach the efficiency frontier, 
which represents the set of optimal patterns that offers the highest expected 
economic return for a defined number of species or vice versa.  
In a similar way, Kennedy et al. (2016) conducted a land use optimisation 
exercise, with the purpose of informing public policies on how to sustain 
Brazilian agriculture, economic profits, ecosystem services, and biodiversity. 
They also worked with a spatial model and created efficiency frontiers to 
optimise agricultural returns (sugar and cattle), biodiversity (bird and mammal 
species) and fresh water quality (N, P and sediment retention) in the Brazilian 
Cerrado ecoregion. The conclusion of the study was positive as well. Indeed, 
the main findings suggested that through a combined planning of economic and 
environmental goals, agricultural production could expand, while meeting 
regulatory requirements3 and maintaining ecosystem services.  
In this regard, the government has an important role in the articulation of the 
different sustainability spheres and the promotion of balanced activities.  
In that sense, the area of strategic spatial planning has emerged as a crucial 
approach to support the development of new paradigms of land use. It is a long-
term, holistic approach, which involves studying not only the environmental 
field, but also the socio-economic realms (Layard et al. 2001). 
Two of its most important methods are the formulation of mitigation and 
adaptation measures. Mitigation refers to interventions made by humans to 
reduce the emission of Greenhouse Gases (GHG) (IPCC, 2014). Meanwhile, 
adaptation refers to the actions taken to cope with, manage or adjust to 
external disturbances in order to reduce their negative impacts. It also refers to 
the possibility of leveraging the opportunities that can emerge from those 
changes (Smit and Wandel, 2006). 
                                                          
2 Biodiversity was analysed by considering habitat preferences, area requirements and 
dispersal ability between habitat patches for terrestrial vertebrates species, in order to 
estimate the possible number of species that each land use pattern could sustained. The 
economic part took into account site features and location to estimate economic profits for 
several potential land patterns. 
3 According to that paper, the Brazilian Forest Code (FC) established that 25% of vegetation 
must be maintained on private lands, in order to protect biodiversity and hydrological services. 
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The strategic planning area has been assisted by the development of the 
spatially integrated social science (SISS). It uses space and space-time 
information to show the current and projected context in which human 
activities happen and it is supported by geographical information systems (GIS) 
and satellite imagery. Particularly, those systems are very important to design 
adaptation measures in response to climate change and extreme weather 
events in the agricultural sector (Hossain, 2006). This is particularly relevant, 
given that, as pointed out by Smit and Wandel (2006), the adaptive capacity4 is 
context-specific. That is to say, it depends on the circumstances and resources 
of each region. 
Finally, regarding public policies and new development theories in Uruguay, it 
is worth mentioning that a national strategy on bio-economy5 is starting to be 
developed. This strategy is building upon many plans that are already available 
and fall under this new paradigm. In particular, in the agricultural sector the 
project “Uruguay Agrointeligente” brings together some measures that try to 
reach a better balance between the economy and the environment and support 
a sustainable intensification. 
  
                                                          
4 It represents the ability of a system to respond and adjust to external changes and to increase 
the number of stresses it can handle (Adger 2006; Engle 2011). 
5 It has been more generally related to clean energies but it also shares the same values as the 
eco-economy model. In Uruguay, it is complemented by the circular economy framework, 
which promotes the sustainability of the system, by reducing, reutilising and recycling 
materials.  
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II.2 Drivers of Crop Productivity 
 
The most relevant literature about climate impacts on soybean yield is 
summarised in this section. Firstly, a description is provided of the mainstream 
crop modelling approaches developed so far, as well as their advantages and 
disadvantages. Secondly, international and national studies that assess the 
determinants of soybean yield are reviewed.    
Studies carried out so far have related crops yields with many factors such as 
the genetic identity of the species grown, the type of soil, population of plants, 
availability of nutrients, availability of water, prevalence of diseases, system of 
tillage and application of fertilisers, among others (García, 2012). All those 
investigations agree that one of the most important drivers of crop productivity 
is climate. Particularly, it is widely accepted that interaction between climate 
variables such as solar radiation, temperature and precipitation affects plant 
growth. However, the responses to those variables differ from one species or 
variety to another and among regions. In turn, most of the crops present critical 
stages in their growth, during which they are more sensitive to climate impacts. 
Additionally, crops have different optimum growth conditions for each stage of 
development.  
Over the years, different crop models have been developed. In general terms, 
three major types of modelling can be identified: the eco-physiological, 
statistical - empirical (regressions) and analytical hierarchical models. Each of 
them is briefly described below. 
Eco-physiological models 
With the advance in the knowledge of the eco-physiological processes that 
govern photosynthesis and the productivity of crops, there was a great 
development of complex models based on the mathematical formalisation of 
these mechanisms. Those models have been widely utilised in simulation 
studies, in order to analyse potential yields and different production scenarios. 
However, to calibrate those models, a large number of variables and 
parameters are required, which are not always available. According to Delincé 
(2017), some examples of those models are APSIM (Agricultural Production 
Systems sIMulator), CROPSYST (Cropping Systems Simulation Model), DSSAT 
(Decision Support System for Agro technology Transfer), AQUACROP, among 
others. 
Statistical - Empirical models 
In addition to the eco-physical approach, statistical - empirical models have 
been also developed. They build predictions based on historical experience. 
They simulate the behaviour of a system in a simple way, since they describe 
the relationship between variables without referring to any underlying 
15 
 
biological or physical structure that may exist between the variables (Thimme 
et al. 2013). Nevertheless, they also have some disadvantages. For instance, 
they tend to underperform in scenarios of extreme events and they require a 
great amount of detailed information (Delincé, 2017). Besides, it is possible to 
obtain regressions with relatively good accuracy from many experiments, as 
soil and management practices remain relatively stable (Thimme et al. 2013). 
However, it can be difficult to accomplish when analysing large areas, since 
many additional factors start to become relevant and large deviations can 
emerge from average coefficients. Finally, it is worth mentioning that 
regression models can be linear or non-linear to better reflect the interaction 
between variables6. An example of a non-linear equation can be found in Lobell 
and Cahill (2007). 
Analytical Hierarchical Models 
Another approach to estimate crop yields is to use analytical hierarchical 
models. According to Saaty (1994), this is a framework that uses previous 
information and expert experience to estimate relative magnitudes of the 
different determinants of crop yield. Those factors are later arranged in a 
hierarchy or network structure, which constitutes a systematic procedure that 
allows a problem to be broken down into its smaller constituent parts. It has 
important advantages in relation to the previous approaches. Firstly, it is 
supported by a Geographical Information System (GIS), which allows the 
representation of different determinants of yield in a map / space. Secondly, a 
Multi Criteria Analysis (MCA) underpins this tool, allowing the mixture of 
complex data to create a single composite index, which is usually a weighted 
linear combination (Faggian, 2016). Thirdly, it is based on expert judgments, 
which is very practical when data about the subject of study is scarce and when 
there are many factors at play that can generate noise and confusion7. 
One application of these analytical hierarchical models, which has been widely 
used around the world, is the Land Suitability Analysis (LSA). Broadly speaking, 
it consists of determining the appropriateness of a particular land for a specific 
use, by comparing soil properties and climate factors with crop requirements. 
A detailed description of this assessment tool is provided in the methodological 
section.  
                                                          
6 For instance, an increase in temperature could increase crop yields. However, after a certain 
threshold, if the temperature keeps rising, it can be detrimental. 
7 Finally, it is worth mentioning that more recent studies incorporate the use of remote sensing 
to estimate yields. That can potentially be considered as a fourth crop model technique. This 
approach consists of analysing the current condition and development of the vegetation or 
crops, based on the measurement of the intensity of the radiation of certain bands of the 
electromagnetic spectrum. One of the most well-known indices built with this technology is the 
NDVI (Normalized Difference Vegetation Index). One disadvantage of this method is that it is 
used mainly for short-term (almost real time) forecasts. 
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Weighing the advantages previously explained and the data available, the LSA 
was selected in this research to assess climate effects on soybean yields. It has 
not yet been applied in Uruguay, neither for soybeans nor for any other crop. 
Consequently, there is no national literature on the subject. 
In that context, what follows in this chapter are, on the one hand the 
international LSA antecedents applied in soybeans and, on the other hand, the 
most relevant national antecedents related to the drivers of soybean yields and 
potential agricultural lands. 
International Literature 
 Munene (2017) used a land suitability model to study the fitness of land 
for soybean production in the Kabwe district in Zambia. The spatial attributes 
that were identified as relevant to explain soybean productivity were the 
following: soil reaction (pH), available phosphorus (P), soil organic carbon 
(SOC), soil texture, slope, drainage, distance to roads, and climatic factors. 
Elevation was used as a “proxy” for climate variables (rainfall and temperature). 
As the LSA indicates, a spatial model based on multi-criteria evaluation was 
used to combine all the selected characteristics in a weighted sum overlay to 
create a soybean suitability map. The quality of the suitability map was 
evaluated by means of an error matrix. 
 Kamkar et al. (2014) assessed the suitability of land for a canola - 
soybean rotation in Golestan province, Iran. The variables used for this purpose 
were rainfall, temperature, soil aspects and slope, texture, pH, salinity and 
electric conductivity. The layers for those factors were obtained by 
interpolation and surface analysis in GIS and five suitability classes were 
identified and mapped. The authors highlighted the benefits of using a GIS 
program to evaluate the appropriateness of soils for certain rotations,  quickly 
and reducing costs. 
 Additionally, AbdelRahman et al. in their work entitled “Assessment of 
land suitability and capability by integrating remote sensing and GIS for 
agriculture in Chamarajanagar district, Karnataka, India” (2016) also ran a Land 
Suitability Analysis for soybean and other crops. They stated that in order to 
identify the appropriate uses of land, it is key to conduct scientiﬁc land 
evaluations. In this way, it is possible to determine which are the main limiting 
factors for agricultural development. In turn, having that information, decision 
makers can then adjust their crop management to increase soil productivity.  
Georeferenced soil survey data and ﬁeld work observations were joint in a GIS 
based program. The approach consisted of matching the requirements of the 
main crops with the quality and characteristics of land. The land features 
analysed were: soil texture, depth, erosion, slope, ﬂooding and coarse 
fragments. Maps showing the different degree of suitability of the soils 
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evaluated for each land use were created. The results indicated that it was 
possible to implement better land use patterns to increase agricultural 
production. 
 
 Another important study is the one conducted by FAO (2012) regarding 
the AQUASTAT model. It does not apply the LSA model. However, it specifies 
the requirements of soybean production and the potentially restrictive factors, 
aspects that are of great relevance when building the LSA. 
Regarding the limiting factors, water, temperature and nutrients stresses affect 
soybean growth and development. The water stress that occurs at the 
beginning of the formation of the pods until the complete filling of the seeds 
has a larger negative impact on yield than in other stages. The seeds filling 
period is crucial for performance. Indeed, apart from the usual inhibitory 
effects on foliar expansion, transpiration and photosynthesis, water deficits 
also inhibit nitrogen fixation in oilseeds. Additionally, the study points out that 
soybean yields are not considerably affected until soil water in the root zone 
has been depleted to below 60% of total available water. 
In relation to the soil characteristics that favour the development of soybean, 
this crop can be cultivated in a wide range of soils, except for those that are too 
sandy. On the contrary, the best appropriate lands are alluvial soils, rich in 
organic matter. In general, phosphorous and potassium fertiliser requirements 
are around 35 to 70 kg/ha and 36 to 84 kg/ha respectively. Even when soybeans 
are able to capture nitrogen from the atmosphere, due to Rhizobia inoculation, 
the benefits of applying an initial dose of 10 to 20 kg / ha of N are recognised.  
A soybean crop in its mature stage contains an average of 70 kg of N, 30 kg of 
P2O5 and 60 kg of K2O per ton of grain produced. Therefore, to achieve a yield 
of 3 ton / ha, at least 210 kg / ha of N would be required for symbiotic fixation 
and absorption from the ground. Several studies have demonstrated that, even 
under favourable conditions, symbiotic fixation usually provides no more than 
half the N, and the rest comes from the soil. Nitrogen fixation is reduced under 
water stress. Therefore, the distribution of irrigation and precipitation 
significantly affects the accumulation of N and the N supplies of those that have 
been fixed. Finally, soybeans are sensitive to salinity, but their tolerance to salts 
varies considerably depending on the variety. 
With regards to climate, the optimal conditions for soybean growth are warm 
summers with average temperatures of 20°C to 30°C. High temperatures of the 
foliage (close to 40°C) reduce the rate of assimilation of CO2, while low 
temperatures of the stem decreases the translocation, which stops at 2 - 3°C. 
The following table summarises the explanatory variables and thresholds 
considered in some of the LSA previously mentioned and some other 
investigations around the world about soybean yields.  
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Table 1. Soybean requirements according to different authors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FAO (2018) Kamkar et.al. (2013)
Optimal 20 - 33 20 - 30
(Emergence 15-22, 
flowering 20-25, 
maturity 15-22)
25 - 30 20 - 30
Min 10 10 4
Max 38 36 40
Optimal 600 - 1500 500 - 1000 400 - 600
Min 450 300
Max 1800
Optimal 0 - 4 <5
Flat or Slightly 
wavy
Optimal 0 - 300 300
Optimal 5.5 - 6.5 5.6 - 7 6.5 - 7.5 5.7 - 6.5
Neutral, Slightly 
Acid
Min 4.5
Max 8.4
Optimal < 4
Max 4 - 10 5
Optimal
Medium, 
organic
Sandy, Sandy 
Loams to Clay 
Loams
Wide range of soils < 40% clay Clay
No optimal
Heavy, 
medium, light
Optimal Well Well drained
Excellent 
drained
No optimal
Poorly, 
excessive
Optimal 0.5 - 1.5 Deep Deep 0.4 - 0.5
Min 0.2 - 0.5
Organic Material Optimal
Between 3% - 
10%
Between 1.5% 
- 4%
Physical
Chemical
SOIL
REQUIREMENTS TO REACH THE POTENTIAL YIELD (According to different authors)
CLIMATE
Rainfall (mm)
Temperature (° C)
Slope (%)
Altitude (m)
TOPOGRAPHY
pH
Usable Depth (m)
Texture
Salinity (dS/m)
Drainage
Infoagro (2017)Munene (2017) MAG (1991)
RELEVANT 
VARIABLES
ATTRIBUTES
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National Literature 
 
 One of the antecedents that most resembles the analysis carried out in this 
research is that of the Soil and Water Division of the Ministry of Livestock, 
Agriculture and Fisheries (DSA-MGAP), titled “Zoning for summer rain fed crops” 
and conducted in 2003. In fact, the objective of this work was to determine which 
lands were suitable to produce summer crops in a sustainable way. Additionally, 
it was conducted in order to support the enforcement activities of Law number 
15,239 (use and conservation of soil and water), which was promoted by the same 
governmental division. The data utilised in this study corresponds to the CONEAT 
cartography. 
The soil features that were considered in the study to determine the 
appropriateness of the land to produce summer crops were: resistance to erosion 
(e), water storage capacity (m), pH <5.2 (pH), sodicity (s), coarse fragments (r), 
drainage (d), Flood (i). The resistance to erosion was evaluated according to the 
erosion risk presented by the different soil types that make up the CONEAT groups. 
This characteristic was assigned the highest weighting in this evaluation, in order 
to avoid or reduce soil degradation and it was considered, as a guide to evaluate 
the degree of compliance with the aforementioned law (number 15,239). The 
water storage capacity was estimated also from the characteristics of the soils that 
make up each group and is considered useful to prevent risks of drought. The 
water needs of crops can be replaced by irrigation, an element that was not taken 
into account in that study, since it depends on specific situations. The pH was 
included in the evaluation of lands to identify those soils with an excess of 
aluminium. Sodicity, drainage and the risk of flooding are qualities normally 
associated with low-lying lands. These variables constitute an additional constraint 
for the development of summer crops. Lastly, coarse fragments considered the 
presence of outcrops, stones on the surface, as well as thin soils. They are related 
to basalt soils. 
In relation to climate, it was assumed that the precipitations were enough for the 
soil to hold a level of water close to their field capacity during the entire crop cycle. 
Therefore, this approach takes into account climatic factors but without 
considering real data. This limitation is overcome with the LSA model, which was 
applied in this research.  
The results of the assessment can be appreciated in the map on the next page and 
are similar to the results obtained in the LSA in this research. 
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Figure 6. Summer crop zoning 2003. 
 
References: 
 
 
 
 
 
Source: extracted from MGAP 
(link). 
 
 Another relevant precedent is the study made by Molfino (2013), called 
“Agricultural potential, some calculations for rain fed agriculture”. Similar to the 
previous study, the aim of this study was to estimate the potential land available 
for rain fed agriculture, in order to plan the sustainable use of that natural 
resource. More specifically, it tries to quantify the amount of land that can support 
a high-intensity and a low-intensity agricultural system, in a sustainable manner 
(i.e. minimizing soil degradation and ensuring its long-term productivity). High 
intensity agricultural system refers to those whose main objective is the 
production of grains and fine seed (soybeans, wheat, barley, oats, rapeseed, corn, 
sorghum, fescue, among others), meanwhile the low-intensity system refers to 
agricultural-pastoral lands (including cultivated pastures with grazing (at least 2 
years in the agricultural rotation). Additionally, in the former model the use of 
direct sowing is common and more crops per hectare per year and less pasture – 
so more crops rotations are observed than in the case of the latter model. This 
analysis used data from the soil cartography 1:1 million. 
The soils identified as suitable for high-intensity agricultural system were those 
with the following characteristics: vertisols and brunosoles, deep soils, fine 
textures, black and dark brown colours, very high natural fertility, with very high 
organic matter content, rich in calcareous, strong structure, with water storage 
capacity between 140 and 170 mm and moderately to moderately poor drainage. 
It also includes areas of deep soils on Basalt. The terrain is uneven to moderately 
uneven. The CONEAT Index (see page 52) varies between 150 and 265.  
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All the previous indicators refer to soil features, while climate variables were not 
included in the analysis.  
Afterwards, a “discount” (from 4% to 50%) was applied to the amount of lands 
that met the previously stated requirements, with the purpose of estimating the 
“effective” agricultural surface. This discount reflects the presence of areas with 
erosion, drains, gullies, drainage paths, conservation practices (terraces, roads, 
etc.), soils with drainage problems, alkaline soils, superficial soils with Ca, 
outcrops, flood areas, etc. Furthermore, it is necessary to recognise that other 
forms of production are present in the potentially agricultural units (dairy, 
forestry, horticulture, fruit growing and others). Moreover, there could be soils 
that differ substantially from the dominant ones in each unit considered and in 
consequence, would not support the proposed systems. 
The result of the study showed that more than 1.5 million hectares would support 
an intensive agricultural system in Uruguay in a sustainable way, meanwhile 
another 0.9 million hectares constitute the potential area for low-intensity 
agricultural systems. 
 A previous “zoning” study is the report called “Information on agricultural 
lands and waters for sustainable agricultural development”, prepared also by DSA 
and in conjunction with FAO in 1998. The aim of the project was to evaluate the 
potential area to develop two kinds of wheat-pastures systems in a sustainable 
manner. Although soybean was not studied here, it is worth revising the factors 
considered to explain soil productivity. 
To do that different soil qualities, related with edaphic, topographic and climatic 
features were analysed. Concretely, the first properties refers to soil texture (% of 
sand, silt and clay), organic matter (organic carbon), structure (type, size and 
degree), depth of horizon B or other impediment to rooting (lithic contact), 
presence of Fe-Mn concretions, depth of appearance of water nappa, pH, 
interchangeable aluminium (%), interchangeable sodium (%) and cation exchange 
capacity (meq./100g of soil). Within the second group, the following variables 
were included: slope (%), floods, coarse fragments (%) and current erosion. 
Regarding climate, the factor “R” (erosiveness of rainfall), calculated from USLE 
equation, should also be considered in a crop modelling analysis. 
Based on the properties previously described, the following requirements to make 
a sustainable use of soils in the analysed systems were considered: erosion risk, 
current erosion, floods, mechanisation, drainage, adverse chemical properties. 
Those indicators where incorporated in the “ALES” system (Automated Land 
Evaluation System), which is a decision tree model. That is to say, that if the soil 
assessed does not meet one requirement, then it is not considered to be suitable 
to support the agricultural system analysed. If the land meet all the requirements, 
then it is possible to produce there. The results were shown in a geographical 
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program. This models seems to apply a “boolean” or “rigid” structure of choice, as 
defined later, in section III.1.1.  
 Another well-known study regarding climate impacts on the agricultural 
sector in Uruguay is the book “Climate of changes, new challenges of adaptation 
in Uruguay” (Bidegain, 2012). There is a specific section about rain fed agriculture, 
where the following crops are evaluated: soybean, wheat and corn. This research 
was based on the use of crop simulation models, instead of using farmer’s 
historical databases, since the objective was to evaluate the effect of climate on 
the current productive systems. Indeed, current production systems differ from 
those that were operating ten years ago. During the last decade, the production 
structure, the technology applied and, therefore, the susceptibility of the systems 
to climate change have been modified. In that way, by using simulation crop 
models locally calibrated and validated, it was possible to evaluate the effect of 
climatic conditions under current management technology (sowing dates, tillage 
system, hybrids, etc.) and assuming no health and nutritional constraints. 
Consequently, it is possible to study the best agronomic strategies to stabilise the 
yields in a context of changing climate. 
Climate data needed to run the simulation model was obtained from two 
meteorological stations of the National Institute of Agricultural Research (INIA) 
and from the Dr. Mario A. Cassinoni Experimental Station (EEMAC) of the 
University of the Republic (UdelaR). The data refers to the period 2002-2011 in the 
case of the EEMAC and to 1990-2011 in the cases of the INIA’s Experimental 
Stations of La Estanzuela and Tacuarembó. The variables taken into account in the 
model were: daily temperature (maximum and minimum) (° C), solar radiation 
(daily sum) (MJ m-2 day-1), relative humidity (maximum and minimum) (% RH) and 
wind (m / s). Soils characteristic were collected from the soil cartography 1: 1 
million. 
Additionally, the genetic coefficients used in the analysis were those calibrated 
and validated for local conditions by Mazzilli and Ernst, within the framework of 
the Agricultural Technology Promotion Fund project (FPTA 283, for its initials in 
Spanish). It was supposed that there were no nutritional limitations for the crops 
and therefore, the reported yields correspond to the potential yield that can be 
obtained in the climatic and soil conditions evaluated. Soybean was simulated for 
three different sowing dates (20/10, 15/11 and 15/12) and for two maturity 
groups (IV and VI). 
The Cropping System Simulation Model (Cropsyst) was used. This crop simulation 
model works with daily data and allows analysing crop rotations. Several graduate 
research papers have been developed so far at local level, in which calibrations 
and validations of this model were carried out (Baroffio and Ramos, 2009, 
D'Ottone, 2011, Arrúa, 2013, among others). 
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In addition to the above-mentioned analysis, the most important climatic variables 
in the determination of the yield during the critical periods were studied. This 
evaluation was done by separating the years according to the water regime. The 
classification of the El Niño - Southern Oscillation (enos) phenomenon was utilised 
to differentiate different types of years. 
The results of these analyses are commented below. When roughly comparing 
both maturity groups, it can be said that group VI presents higher average and 
more stable yields than group IV. Besides, in the case of soybean crop, the sowing 
date also determines changes in the maximum yields that can be achieved. 
Regarding the relationship between the sowing date, climate and yields, it is 
generally observed that years classified as “niño” (precipitations above normal) 
reach the highest yields on early sowing dates for almost all the maturity groups. 
In contrast, in the “niña” years (precipitations below normal), the highest yields 
were obtained when the sowing date was November and December for both 
maturity groups. For neutral years (precipitations without a clear trend), 
regardless of the group, the best alternative was the early October planting. 
In summary, in the case of the early soybean and in years defined as niño and 
neutral, the best alternative is sowing the maturity group VI on October 20. 
Meanwhile, in years characterised as niña, the most favourable option is sowing 
the maturity group VI on November 15. 
 The study conducted by Luis Giménez in 2014 about “Effects of water 
deficiencies in different stages of development on soybean yield”, is another 
relevant antecedent. In fact, it concluded that water deficit is the main restraining 
factor of production environments. As indicated in the summary, the outcomes of 
this research are consistent with that result. 
 
The methodology applied in this study involved the development of two trials in 
two consecutive years with dissimilar climatic conditions. The study took place on 
the experimental field of irrigation at the Experimental Station Mario A. Cassinoni 
of the Faculty of Agronomy, located in Paysandú during the agricultural years 
2009-10 and 2010-11. Additionally, four treatments were evaluated; (T1) no water 
deficiencies, (T2) deficiencies during the critical period - CP, (T3) deficiencies in the 
non-critical stages that occur prior to PC and (T4) a dry scenario. The deficiencies 
were generated by interception of precipitations with drought simulators, 
meanwhile water wellbeing was achieved with supplementary irrigation. 
Water deficits during the CP caused significant differences and yield reductions of 
44 to 50%. Water stress in the stages prior to the CP, did not generate statistical 
differences and caused losses of 23%. Yields without water deficiencies doubled 
and tripled the country's averages in the first and second year of the study 
respectively. 
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Those results show that the stage of development in which deficiencies arise is 
crucial. The stages of the cycle most sensitive to the occurrence of water 
deficiencies are those between advanced fruiting and grain filling, periods 
between R4 and R6. This is because during these phases, the crop compensation 
capacity is reduced. The losses of yield in the critical period result from reductions 
in the number of pods per plant and decreases in grains per pod and grain weight, 
thereby affecting the main component of yield, which is the number of grains per 
area. Water shortage has negative effects on the accumulation of dry matter and 
on the biological fixation of N2. 
The conclusions also manifest the need for irrigation strategies, due to the 
differences observed in scenarios with and without water stress. 
 In relation to other factors that affect yields and which were not 
considered in the previous studies, Mazzilli et al. (2017) assessed the effects of the 
summer predecessor crop in soybean yield. 
The ratio of planted area of each crop implies that soybeans represent more than 
80% of the total area of summer crops (including rice). Therefore, the dominant 
crop sequence would be soybean-fallow-soybean and soybean-winter crop-
soybean. In both alternatives, soybean is the predecessor crop in summer. That is 
why the system is approaching a “summer monoculture” of soybean, although 
there is an intercropped winter crop. 
The positive effects on soybean yields of including grasses in summer in the 
rotation compared to soybean monoculture vary between 8% and 18%, depending 
on whether the previous crop was corn or sorghum, respectively. In many cases, 
the effect on soybean productivity is still observed even up to three years of 
planting the summer grass. The effect of rotation seems to be more important in 
low productivity environments. 
Soybean yields reached values between 11 and 13% higher than the average when 
the predecessor crop was late maize. On the contrary, when the previous crop was 
late soybean, the yield obtained were between 5 and 6% lower than the average. 
Comparing both sequences, the difference in yields was around 18%. The previous 
figures suggest therefore, that the best sequence (between the two analysed) 
would be maize - soybean. However, for that to be possible, the farmer should 
replace a proportion of the area sown with soybeans with corn. Therefore, it 
would be appropriate to quantify the economic result as a whole. That is to say, 
incorporating the profits generated by all the crops that belong to the sequence. 
Some of the possible causes as to why producers generally decide against 
substituting soybean for corn, is the current average low yield of maize, the 
production risk determined by its high inter-annual variability (explained by it 
being a rain fed crop) and high production costs. 
 Another relevant approach is the Global Yield Gap Atlas (GYGA), which 
aims  study yield gaps (Yg). It is calculated as the difference between yield 
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potential (Yp) and actual crop yields (Ya). Yp refers to the yield that can be reached 
in an environment without any kind of limitations related to water or other abiotic 
and biotic stresses. In addition, it can be calculated the water-limited yield 
potential (Yw).  
Eco-physiological crop simulation models are applied in order to calculate Yp and 
Yw, by considering the incidence of climate, soil features and length of 
phenological stages as determined by climate, cultivar and predominant cropping 
systems at each location. The GYGA uses a "bottom-up" approach, which allows 
the use of location-specific information on current management systems, soil 
types, and historical climate data from selected reference weather stations (RWS). 
This model was recently applied in Uruguay by Gonzalo Rizzo to estimate the 
potential yield of soybean in a rain fed and an irrigated system8. For that purpose, 
he used information about soybean average yields from the cropping seasons 
2009-2010 to 2014-2015, which was obtained from FUCREA and DIEA. To obtain 
climate data, the information provided by INIA and INUMET networks of 
meteorological stations were considered. Daily weather data was available for the 
last 15 years and include maximum and minimum temperature and rainfall. Based 
on the distribution of the sown area, four RWS were selected (La Estanzuela, 
Mercedes, Young and Trinidad). They refer to the location of a climate weather 
station and its area of influence, “buffer zones”, within an agro-climatic zone (Van 
Wart et al., 2013a). Those climate reference zones represented more than 70% of 
the total harvested area for soybean. In relation to soil data, the national soil 
cartography at a 1:40.000 scale was used. The other soil inputs required to run the 
simulation, such as soil depth, runoff curve number, lower and upper limits for 
water retention were obtained from the soil profile descriptions available from 
the “Uruguay Soil Compendium”. Management practices were also retrieved from 
farmer data available in FUCREA database. Available information includes: average 
sowing dates, dominant cultivar name and maturity, and actual and optimal plant 
population density. Dominant crop rotations were determined from the cropping 
sequences reported in the Land Use and Management Plans.  
National experts corroborated the data. Simulations of a wide range of varieties 
were performed, using CROPGRO soybean model, which is embedded in the 
DSSAT v 4.6 program. 
The outputs of the model suggested that the maximum achievable yield for 
soybeans in Uruguay is around 5 to 6 ton / hectare / year. This is defined by solar 
radiation, temperature, CO2 concentration and the genetic characteristics of the 
cultivar, assuming no restrictions. 
 In addition to the previous evaluations, INIA and INASE annually publish 
reports about the performance of crop trials. In general, the objective of those 
                                                          
8 http://www.yieldgap.org/uruguay  
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trials is to evaluate the productivity, the sanitary behaviour against different 
diseases and the agronomic characteristics of each genetic material assessed, 
under a strict protocol that ensures identical conditions for each group evaluated. 
In the case of soybeans, several trials were carried out to study the development 
of oilseed cultivars in different production environments. Features of the soil, 
weather conditions, planting season and the remaining general management 
practices, define the production environment. Each year, a report explaining the 
results obtained in the trials and their possible explanations is published. Emphasis 
is placed on the impacts on soybean yields of the particular climatic conditions of 
the year under study in each of the conditions examined. Those reports are 
available in the following link.  
 Another relevant antecedent is the article published in OPYPA’s annual 
report (Office of Programming and Agricultural Policies), called “Estimation of 
soybean losses inccurred due to excess rainfall, in the context of risk 
management”. This document stated that drought and excess rainfall events 
affect the whole economy due to its systemic nature. In other words, those 
extremes cause large losses both at the national level and at the level of 
agricultural companies. Given the occurrence of these adverse weather events, 
OPYPA makes estimates of the magnitude of the losses caused. Its purpose is to 
advise the decision making of public polices / measures that contribute with the 
reduction of losses and the re-establishment of productive activities.  
Although this article focuses on the estimation of the losses that were experienced 
in the agricultural year 2015 / 2016, it emphasises the need to carry out 
methodical and protocoled estimates of the impact of climatic extremes in 
agriculture and the economy as a whole. By conducting that kind of assessment, 
it would be possible to design strategies to reduce risks and increase resilience to 
disasters. In that context, the impacts would be minor, the recovery would be 
more rapid and therefore, the need for direct public support would diminish. 
Furthermore, throughout this year significant advances were made regarding the 
construction of a methodology to evaluate the historical impact of climate on 
yields of diverse crops and at the level of the different police sectionals. 
On top of that, the MOSAICC (Modelling System for Agricultural Impacts of Climate 
Change) platform, created by FAO, is currently being applied in Uruguay. It’s 
objective is to evaluate the likely impacts of climate changes expected for the near 
and distant future on the yields of the main crops. However, it has been applied 
to particular locations (e.g. at La Estanzuela), to macro regions or to the entire 
country, which does not allow a full appreciation of the high degree of 
heterogeneity of cases within our country. Finally and in parallel with the analyses 
discussed above, indicators of exposure, vulnerability and adaptation to climate 
change are being developed. Even though they do not directly measure the impact 
of climate on yields, they contribute to the understanding of whether agricultural 
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systems are now more or less exposed to negative climatic events or, if their 
adaptive capacity has improved or worsened. 
 
 Finally, many presentations that refer to the incidence of climate on 
agricultural performance have been delivered. They also provide relevant 
information to help understand climate impacts. Moreover, they applied different 
evaluation methods to those previously presented. Some of them are briefly 
described below.  
 
 One of them is the analysis presented by Sebastian Mazzilli in 2014 in a 
seminar on summer crops, entitled "Possible strategies in a complex juncture" 
(INIA, CREA and OVIIN)9. The purpose of the presentation was to provide elements 
for decision-making using data from real production systems. In the case of 
soybeans, yield data for the south and north littoral and the centre, southeast and 
northeast regions from 2006/2007 to 2013/2014 were analysed. The methodology 
used is quite similar to a cluster analysis. Indeed, yield data is reorganised in 
relatively homogenous groups (the elements on a groups are similar in one way or 
another), which are called clusters or conglomerates. In the case of this study, 
yield data was reorganised firstly depending on the year. That is to said, that the 
climate factor (that changes year on year) and in particular, the rainfall, were 
determinant to explain the yields obtained in different moments. The following 
conclusive factors were the region and the predecessor summer crop. Lastly, other 
variables also considered were sowing date, maturity group, predecessor winter 
crop and fertilisation management. Sustainability indicators were also mentioned 
in the seminar. 
 Similar to the previous analysis, Mazzilli presented another study in the 
seminar corresponding to 2017, regarding the determinants of soybean yields10. 
On that occasion, he focused on the relevance of nutrients and fertilisation. He 
concluded that potassium seems to be the nutrient that has had the greatest 
change in its use and the one that is most related to changes in yields. 
Summary 
The literature developed so far has focused on the explanation of historical yield 
evolution and only at the national level or in some particular places (e.g. 
experimental points). However, little research has been done regarding how 
future changes in climate variables would affect crop productivity and in relation 
to the different specificities of the local regions. In fact, in recent years, although 
new studies have appeared, they analyse the forecasted climate changes and their 
                                                          
9 
http://www.inia.uy/Documentos/INIA%20La%20Estanzuela/201418set%20Jornada%20de%20cul
tivos%20de%20verano%20INIA-
Fucrea/An%C3%A1lisis%20de%20Registros%20de%20chacra_Mazzilli.pdf  
10 http://fucrea.org/system/comfy/cms/files/files/000/000/553/original/Charla_Mazzilli.pdf  
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incidence on yield in a very general way. Additionally, the first maps have started 
to appear, trying to illustrate the uneven impacts of past extreme events, though 
they have not been included yet in prospective evaluations.  
In that context, this research assessed the effects of future climate in a more 
precise manner and in a “map grid”. For that purpose and considering the 
modelling approaches described at the beginning of this section, the methodology 
applied here was the AHP embedded in a LSA. They are developed in next chapter. 
Additionally, given the nature of climate forecasts, the risks involved in soybean 
production related with climate were also considered in this research. 
Furthermore, the economic consequences of the foreseen yield fluctuations have 
not been studied. Therefore, that was evaluated here too, in order to gain insights 
into the long-term economic viability of the business.  
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III – Research Framework 
 
This section starts by explaining the methodology applied in this research. The first 
step of the approach consists of conducting a Land Suitability Analysis (LSA) to 
study the impacts of climate change in soybean yield. Afterwards, an economic 
analysis (which consider the results obtained in the LSA) is performed, with the 
purpose of building a future baseline profitability scenario. Additionally, those 
results are complemented with a Monte Carlo Analysis, to capture climate 
variability and study the likelihood of reaching positive margins under hundreds 
of different climate scenarios. The results achieved from these analyses are 
commented in the following chapter. Additionally, this section covers the area and 
the commodity selected as the object of this research as well as the expected 
climate changes. Finally, this chapter also includes the sources of the data utilised. 
 
III.1 Research Methodology 
 
The main two stages of the research were the definition of a future baseline 
scenario for the soybean sector and the construction of risk scenarios. In order to 
build the baseline scenario, a Land Suitability Analysis was conducted, estimating 
the expected changes in soybean yield due to climate change in different areas of 
the study region. Then, the implications that the possible changes on yields would 
have on economic margins were assessed. Finally, the likelihood of occurrence of 
that reference scenario was tested by means of a Monte Carlo analysis. The 
evaluation was also complemented with information about relevant 
environmental areas. The methodology described here is summarised in the 
diagram below. Each of the steps is further developed later in this chapter. 
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Figure 7. General research methodology. 
 
 
III.1.1 Land Suitability Analysis 
 
Changes in climatic conditions may imply new opportunities or risks to develop 
certain products. Hence, studying the implications of climate changes on land 
suitability would be useful to identify the areas where the range of production 
options will increase or decrease. 
The methodology applied to evaluate the potential consequences of climate 
change in agriculture is the biophysical Land Suitability Analysis (LSA). The LSA 
aims to determine the appropriateness of a soil for a specific use over time. The 
approach requires three kinds of information: climatic data (historical series and 
future projections), soil data (chemical and physical attributes) and topography. 
In that sense, the LSA analysis offers a rational model to analyse the best use for 
land in the future, giving the new climatic conditions. In other words, it provides a 
powerful decision support tool to inform land use planning (Faggian et al., 2016). 
Modifications in land suitability can be appreciated by comparing current 
suitability maps (obtained from historical and present climatic data) with the 
future ones (obtained from climatic forecasts). As shown in the point 1.1 in figure 
7, the current suitability is estimated with historical and current information from 
soils and climate. The future map is obtained by replacing the climate data with 
future forecasts, while leaving constant the rest of the variables. It does not mean 
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that soil properties do not change over time, but some of them remain quite stable 
for long periods, while others are affected by management practices, that are not 
considered here. Moreover, this assumption allows us to isolate the impact of 
climate change on production (which is the main goal of this research), although 
there could be some feedback between climate and soil variables.  
After conducting the LSA, it would be possible to select the most appropriate areas 
to cultivate soybeans in the future, that are biophysically feasible and that would 
grow under the expected climate changes. 
Finally, in relation to possible changes in soil properties, it is worth clarifying that 
intensive farming of soybeans, if managed improperly, may have potential 
degradative effects in the long term. In this research, it is assumed that farmers 
follow good agricultural practices and meet the law soil conservation 
requirements. However, this is an important issue, which deserves further 
discussion in future studies. 
Advantages and Shortcomings of the LSA 
As commented in the previous chapter, the LSA has some advantages in 
comparison to other traditional techniques to assess the appropriateness of a land 
or lands for a certain activity. Firstly, it is supported by a Geographical Information 
System (GIS), which allows the representation of land suitability for different uses 
in a map / space. Maps are a strong visualization tool to communicate the results 
of the analysis to the different stakeholders involved. In this study, the program 
ArcMap (ArcGIS) was used to process geospatial information and map several 
variables. In turn, one relevant aspect to highlight from the use of maps, is that 
they allow the planning process and public policies to be focussed on particular 
regions. In fact, as argued in the literature review, adaptation measures are 
context-specific due to the specificities of each area and the uneven impacts of 
climate changes.  
Secondly, a Multi Criteria Analysis (MCA) underpins this tool, allowing the mixture 
of complex data to create a single composite index, which is usually a weighted 
linear combination (Romeijn et al., 2016). Indeed, the method can combine 
different indicators in the same model, using both quantitative and qualitative 
data (through the assignment of a numerical value to the different qualitative 
categories). Hence, the model can include heterogeneous data (such as 
infrastructure, environmental assets and distances, among others), allowing a 
better and more comprehensive understanding of the situation under study. 
In contrast to the first LSA studies, which used “boolean” or rigid binary 
aggregation models, the latest ones use more flexible combination criteria. In fact, 
the recent approaches allow the use of a range of suitability instead of defining 
that a specific land is suitable or unsuitable. That means that if the land has low 
suitability according to one criteria, a high suitability score in another criteria can 
compensate for it (Romeijn et al. 2016). 
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One technique that is closely linked with the MCA is the AHP (Analytical Hierarchy 
Process), which considers the relative importance of the different variables 
involved in the study. As described in the literature review, the AHP is a framework 
that uses previous information and experience to estimate relative magnitudes of 
the different drivers of crop yield, through paired comparisons. These 
comparisons are used to construct ratio scales on a variety of dimensions. By 
arranging these dimensions in a hierarchy or network structure, we obtain a 
systematic procedure to analyse a problem and break it down into its smaller 
constituent parts. 
The LSA can be continuously evaluated and adjusted using expert feedback, 
farmer’s knowledge, and new data sets. Moreover, the MCA and the AHP are fed 
with information provided by experts (e.g., farmers, agronomists, soil scientists). 
In fact, they can provide valuable information to identify the determinants of the 
yield of the crop under consideration and the weightings of each variable, so as to 
determine the relative influence of each criteria. This approach is also very useful 
when the access to data is limited. In that sense, the determination of the most 
suitable areas for a particular use is very complex because of the multiple factors 
involved and the amount of data to process.  
Finally, despite all the benefits previously mentioned, one potential drawback of 
the LSA approach is that it involves a high degree of subjectivity. Additionally, 
arriving at a consensus and coherent decision structure between the different 
experts is important. For that reason, a consistency ratio must be calculated, in 
order to ensure compliance with that requisite.  
Relevant Variables for the LSA analysis 
 Dependant Variable: soybean yield (ton/ha/year). 
Potential yield: between 5 to 6 ton/ha. These figures correspond to the values 
found in a study made by G. Rizzo (2018), using the GYGA methodology (Global 
Yield Gap Atlas)11 and the DSSAT model. Similarly, data from FUCREA also showed 
that yields around 5 ton/ha were observed in some periods. Those values are also 
consistent with the figures presented in an INIA seminar about the possibility of 
increasing yield national average, by changing management practices and with 
irrigation (link).  
The potential irrigated yield is defined as the maximum reachable yield in a place, 
given the following characteristics: solar radiation, temperature, CO2 
concentration and the genetic features of the cultivar analysed. In other words, it 
is the highest yield that can be achieved when there are no kind of restrictions. 
The potential rain fed yield is estimated in a similar way than the previous, but 
                                                          
11 http://www.yieldgap.org/uruguay  
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considering the water availability as a limiting factor. The concepts described here 
are illustrated in the diagram below, produced by Delincé (2017). 
 
Figure 8. Potential irrigated and rain fed yield. 
                              Source: Delincé (2017). 
Very few farmers (only 1% of the soybean production, according to the survey 
conducted by Deloitte and the Oilseeds Technological Board - MTO, for its 
acronym in Spanish) currently use irrigation. That explains the fact that the 
national yield average is low compared to the potential. In this regards, since 2015 
the Ministry of Agriculture, livestock and fisheries (MGAP) has been working on a 
strategy to promote the use of a supplementary irrigation system in agriculture12. 
For that purpose, the previous irrigation law was modified and the regulatory 
decree is currently being discussed. 
 Independent Variables: According to the literature and the 
consulted experts, many variables related to soil characteristics, topography, 
climate and management practices, among others affect yields. Knowing the 
incidence of each factor in the yields is complex and requires a substantial amount 
of information, which is not currently available. Therefore, not all the potential 
explanatory factors were included in this study. Instead, only the most relevant 
ones were contemplated in the LSA model13. The variables considered were also 
separated in two main categories: those related to water availability and those 
associated with nutrients availability (illustrated in figure 9). 
 
 
                                                          
12 
http://www.mgap.gub.uy/sites/default/files/multimedia/estrategia_fomento_agricultura_regada
_2015_banco_mundial.pdf 
13 It is worth clarifying that some of the factors not considered are very highly correlated with the 
variables of the model. Therefore, their incidence is reflected also in the results. See correlation 
analysis in appendix II. 
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Water availability in LSA 
 A  simplified water balance model was developed to capture the “water 
availability“  driver. The equation that defines water availability is the following 
(equation 1): 
Water availability t = Water availability t-1 + rainfall t + irrigation 
t – potential evapotranspiration t – losses t.  
If < 0  set to 0   |   If > water holding capacity  set to water 
holding capacity. 
Source: FAO. 
In general terms, equation 1 implies that the water available in period t depends 
on the initial stock (the water availability at the end of the previous period, t-1), 
the inflows (rainfalls and irrigation) and outflows (losses) of the period evaluated. 
If the water outflows are greater than the water available at the beginning plus 
the inflows, then, the water availability is set at zero, since the final stock cannot 
be negative. That difference between the water demand and supply that cannot 
be satisfied would result in a water deficit, determining consequently, a water 
stress situation for the plant. On the other hand, when the initial water available 
plus the inflows less outflows surpasses the water holding capacity of soils, an 
excess is generated and the amount of water that cannot be retained is lost. In 
those cases, the result of the formula must be set as the maximum soil water 
holding capacity. 
Another important formula of the model is the following (equation 2): 
Water balance t = Water availability t-1 + rainfall t + irrigation t – 
potential evapotranspiration t – losses t.  
If > water holding capacity  set to water holding capacity. 
Source: own estimation. 
Unlike the previous equation, the water balance formula allows negative values, 
because the restriction to set the result to zero when the result is negative is lifted. 
In that way, not only do we see if there was a deficit or not, but we can also 
appreciate the magnitude of that deficit. 
This model was applied on a monthly basis, from October to April. Each of the 
components of equations 1 and 2 is described below. 
Regarding the water holding capacity at the beginning of the soybean season, it is 
important to remember that the sowing period for the early variety is late October 
- beginning of November. Hence, to set the initial stock of the model (Water 
availability t=0) we need to capture the water availability at the end of the third 
quarter of the year. Generally, there is very good availability of water at the end 
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of winter (Castaño et al. 2011). In that context (as water availability is closer than 
100% than 0%) and as I did not have the exact information provided in a GIS 
readable format,  the initial water availability was assumed to be 100% of the soil 
water holding capacity. The experts consulted considered this assumption 
reasonable. 
The water holding capacity estimated by J. Molfino (2009) was considered in this 
research. It was calculated according to the following equation (equation 3):  
WHC (Water Holding Capacity) = CC (field capacity) – CMP 
(coefficient of permanent wilt)14. 
The formula considers data about soil texture, thickness and organic matter for 
horizons A and B. It is also adjusted by the soil’s slope and infiltration velocity. The 
main equations of the model are provided in footnote 14. For additional details, 
please refer to the following link. Besides, the data used in the calculations 
regarding the depth of each soil profile can be found in this link and a map with 
this information is also provided in annex I. 
On the other hand, rainfall was  the only water input considered for the model, 
because irrigation is not yet widely used in Uruguay in soybean production. 
The water outflows of the equation refer to the water losses and the potential 
evapotranspiration. The losses refer to the water not retained in the soil, due to 
superficial run offs and water excess (the amount that exceeds the water content 
of the soil at field capacity). The superficial run off depends mainly on the slope of 
the soil, factor that is already taken into account in the estimation of the water 
holding capacity. Therefore, and in order to simplify the equation, it was supposed 
that the soil absorbs 100% of the effective precipitation, regardless of its dominant 
slopes (this is an assumption made also by INIA in its water balance model, 2018). 
The potential evapotranspiration is defined as ET0 * Kc (equation 4).  
ET0 refers to the potential evapotranspiration for a reference crop, which is a grass 
pasture. According to the Hargreaves equation, ET0 can be estimated as follows 
(equation 5):  
                                                          
14 The CC is calculated in a different way depending on the Horizon and the texture of the soil 
analysed. For that reason, it appears various formulas to estimate the field capacity: CC = 21,977 - 
0,168 Ar + 2,601 M.O. + 0,127 Ac (Horizon A, not sandy) | CC = 8,658 + 2,571 M.O. + 0,296 L (Horizon 
A, sandy) | CC = 18,448 - 0,125 Ar + 1,932 M.O. + 0, 295 Ac (Horizon B). On the other hand, the 
CMP is always estimated in the same manner. CMP = -58,1313 + 0,3718 M.O. + 0,5682 Ar + 0,6414 
L + 0,9755 Ac (All horizons). The meaning of the acronyms are the following. M.O. = organic matter, 
Ar = sand, Ac = clay, L = silt. To express the water holding capacity formula in volume, this equation 
need to be calculated also: Apparent Density = AD (g/cm3) = 3,6725 - 0,0531 M.O. - 0,0210 Ar - 
0,0228 L - 0,0221 Ac. Finally, the equation water availability = WHC x AD x thickness/10 is calculated 
to express the water holding capacity in mm/10 cm of thickness. 
36 
 
(Average Temperature * 1.8 + 32) * 0.004 * (0.02388 * Radiation)15.  
This formula measures the water demand by the reference crop given the climatic 
conditions. The greater the temperature and the radiation, the greater the 
demand for water and vice versa. 
As the crop under study is soybeans, the reference evapotranspiration (ET0) must 
be multiplied by a factor, known as Kc, to properly reflect the soybean water 
demand. The same must be done with the predecessor crop, since the model 
simulation begins one month before the planting sowing date. As explained 
previously, the most common predecessor for early soybeans is fallow or a cover 
crop (generally black oats). Then, the Kc assigned for the previous crop is low (0.4) 
and it is applied in October. This figure was obtained from the FAO irrigation and 
drainage paper 56 and corresponds to the Kc for cereals at the maturity stage 
(since oats belong to that category)16. The kc for fallow was not available there. 
In the case of soybeans, the demand for water increases as the crop grows and 
diminishes after reaching maturity. For that reason, the Kc for soybean varies 
depending on its development stage. These are the specific numbers used in the 
analysis: Kc = 0.4 (initial period - November); 0.78 (development period - 
December); 1.15 (mid-season period - January to May); 0.5 (late season period - 
April), also according to the FAO. 
Lastly, it is worth mentioning that recently INIA has generated detailed 
information about water balance, which has been used in the development of 
agricultural insurance. That highlights the relevance of considering this model in 
the LSA methodology. 
Nutrient availability in LSA 
The water balance model previously described provides a measure of the potential 
amount of water available for root uptake and vegetative transpiration. In addition 
to that, crops also need nutrients to grow. The most relevant are carbon, hydrogen 
and oxygen. Other critical elements can be divided into two categories: 
macronutrients and micronutrients. In turn, some of the most important 
macronutrients are Nitrogen (N), Phosphorus (P) and Potassium (K). N is often 
related to soil fertility since it controls the leafy growth. P deficit may lead to leaves 
becoming denatured and presenting signs of necrosis. K insufficiency may 
determine higher risks of pathogens, wilting, chlorosis, brown spotting and of 
damage from frost and heat. Nitrogen, Phosphorus and Potassium are relatively 
mobile and dynamic nutrients often lacking in the soil. In consequence, great 
attention needs to be paid to them in terms of management and protection. For 
                                                          
15 It must be mentioned that the most widely used formula to estimate the potential 
evapotranspiration is the Penman - Monteith equation. Although it is a more accurate estimation, 
it requires more information (about temperature, wind speed, relative humidity and solar 
radiation) and it is more complex to apply in maps.  
16 Future studies may use more specific Kc for a particular crop, instead of using the kc for the 
aggregate “cereals”.  In particular, the Kc for oats at the final stage is 0.25. 
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the same reason, they have been identified as of primary interest for the fertiliser 
industry. Other macronutrients are Sulphur (S), Calcium (Ca), Magnesium (Mg) 
(Hengl et al., 2018). 
 
In terms of the LSA, the following variables relating to nutrients were considered: 
o Soil fertility: this indicator shows the potential conditions for the supply of 
nutrients to plants under natural conditions. It is estimated from the content of 
organic matter and the total sum of interchangeable bases (Ca, Mg, K, Na) 
(RENARE, 2014 and MGAP-RENARE, 2014). 
Organic Matter: the remains of animals and vegetables present in the soil 
compound the organic matter. It is measured as a percentage. It is a soil property 
that has recently gained more attention. Firstly, the amount of carbon in the soil, 
and particularly in topsoil horizons, is indicative of potential productivity for crops. 
Secondly, organic matter soil affects structure, permeability, porosity, bulk 
density, water holding capacity, nutrient retention and availability and, 
consequently, overall soil health. Lastly, the organic matter contained for instance, 
in stubble residues protects the surface from the action of rainfall, reducing soil 
compaction. Continuous cropping can reduce the amount of organic matter, 
leading to soil structural deterioration (Agriculture Victoria, 2018). 
Interchangeable bases: the most relevant for soybean growth is potassium. As 
stated above, potassium shortage may lead to higher risk of pathogens, wilting, 
chlorosis, brown spotting, and higher chances of damage from frost and heat.  
Na Interchangeable. This is considered a measure of electrical conductivity. It is 
calculated as the sodium percentage in cation exchange capacity17. Values greater 
than 6% are generally considered a sodic soil. It could be classified as follows: from 
0% to 5% - non-sodic soil; from 5% to 15% - sodic soil; >15% - strongly sodic (VRO, 
2018). High levels of sodium can affect the growth of non-adapted species. In fact, 
sodium is toxic for some plants and affects some soil properties, like its 
permeability (RENARE, 2014). Na interchangeable is uniform across the study 
region and its value falls within the optimal range. Therefore, it was not considered 
in the model, because it does not constitute a limiting factor and does not 
generate differences within the study region.  
o Erosion: this is determined through field observations and images. It was 
incorporated in the model to better reflect the current values of soil fertility 
(RENARE, 2014 and MGAP-RENARE, 2014). 
                                                          
17 Cation Exchange Capacity (CEC) indicates the soil’s ability to hold positively charged ions. It 
influences the soil structure stability, nutrient availability, soil pH and the soil’s reaction to 
fertilisers (Hazleton and Murphy 2007). It considers the next interchangeable bases: Na, K, Ca and 
Mg. 
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Susceptibility to Erosion: in future studies it would be useful to include in the LSA 
model the variables that appears in the USLE-RUSLE equation and identify as soils 
of low suitability for agriculture, those that present a higher propensity to erosion. 
o pH: coefficient that indicates the degree of acidity or basicity of an aqueous 
solution. It is associated with soil health and productivity. In fact, it influences 
nutrient availability, the mobility of both beneficial and detrimental ions, as well 
as soil micro-organisms (Hengl et al., 2018). It is classified as acid (less than 7), 
neutral (around 7) and basic (more than 7). A pH in the range of 5.5 to 6.5 is 
optimum for soybean development. On one hand, acidic conditions (low pH) 
facilitate the mobility of toxic ions, like aluminium, iron and even acid sulphates. 
On the other hand, high pH is associated with lower availability of phosphorus and 
at even higher levels, to alkaline conditions, which obstruct water uptake by plants 
(Hengl et al., 2018). The information regarding pH used in this study correspond 
to the A-horizon. 
o Natural Drainage or Aeration: frequency and duration of the periods in 
which the soil is free of saturation with water. This determines the availability of 
oxygen for good root development and for the aerobic edaphic fauna. It depends 
on the properties of the soil profile (total thickness, sequence, texture and 
structure of the horizons, presence of impermeable layers, etc.), but also of the 
climate, topography, soil colour and its distribution pattern. It is classified 
according to the velocity of drainage (slow or poor, moderate and rapid or well) 
(RENARE, 2014 and MGAP-RENARE, 2014). The reviewed literature suggest that 
soybean production requires rapid and very rapid drainage soils. Finally, the 
drainage is also directly associated with the soil water availability. Hence, it was 
also incorporated in the water balance model previously described. 
Relative importance of the variables identified 
After defining which variables have a greater influence on the determination of 
soybean yield, it is necessary to assign weightings, as they are not all equally 
relevant. The weightings assigned to each variable appear in parentheses in figure 
9. For instance, the indicators related with water availability (particularly, water 
balance) was given a weighting of 80%, since it was identified by experts as the 
most important limiting factor to achieve potential yields in Uruguay. Therefore, 
the importance given to the nutrient availability and mobility variables was 20%. 
Such a low percentage reflects the fact that low fertility may be compensated 
through fertilisation management. 
In relation to the second level of the diagram 9, water availability was evaluated 
in each of the soybean development stages. As early varieties and medium 
maturity groups predominate in Uruguay, the emergence period was established 
during November and December, the flowering stage during January and 
February, the grain filling in March and the maturity stage in April. In turn, the 
flowering and the grain filling stages were given the highest weightings, because 
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they are critical for the plant development. The information obtained in each 
month was then aggregated to calculate the water balance of the complete cycle. 
Then, the results were classified reflecting the fact that, the greater the water 
deficit the smaller the development of the crop. The highest score is 1 and the 
lowest score is 0.1, which reflect the best and worst scenarios for crop 
development. The part of the diagram corresponding to nutrients can be 
interpreted similarly. The numbers that appear in parentheses reflect the 
weightings assigned to each nutrient sub-component. In turn, the ratings reflect 
the best and worst scenarios.  
Calculation of the land suitability index 
Once the variables and their weightings and ratings were determined, that 
information is compared with real data. More precisely, the AHP (Analytical 
Hierarchy Process) is fed into ARCGIS and the program checks in each of the pixels 
of the map to see whether the ideal conditions established for soybean 
development are completely or partially met or not met at all. Those places where 
water and nutrients conditions are ideal will obtain a high score and will be 
classified as highly suitable for soybean production. On the other extreme, soils 
with a low score will be identified as unsuitable for soybeans and in the middle, 
remaining lands will be identified as moderately suitable. Therefore, the higher 
the score the closer to reach the potential yield. It was defined between 5 and 6 
tonnes per hectare, although conservatively, for the economic analysis the lower 
limit of that range (5 ton/ha) was taken into consideration to do the calculations.  
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Figure 9. Land Suitability Analysis. Analytical Hierarchy Process (AHP). 
  
*
1
 CP = Critical Period. *
2
 Temporarily not suitable. 
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Figure 10. Water Balance. 
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ET0* K (pre 
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Rainfall
Month 1
Potential 
Evapotranspiration
Month 1
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Radiation
Kc 
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Water availability t = Water availability t-1 + rainfall t + irrigation t – potential evapotranspiration t – losses t* 
If < 0  set to 0   |   If > water holding capacity  set to water holding capacity. 
Water Balance t = if water availability < water holding capacity  (Water availability t-1 + rainfall t – potential evapotranspiration t). 
If water availability > water holding capacity  water availability = water holding capacity. 
Potential Evapotranspiration = ET0 * Kc 
ET0 = (Average Temperature * 1.8 +32) * 0.004 * (0.02388 * Radiation). According to Hargreaves equation. 
Kc (soybean) = 0.4 (initial period) 0.78 (development period) 1.15 (mid season period) 0.5 (late season period). K pre season crop 
(coverage) = 0.4. According to FAO, paper 56. 
*Losses were not calculated to simplify the calculation and because the slope is already considered in the soil water holding 
capacity. 
Irrigation was not considered either because soybean is a rain fed crop. 
Water availability at the end of the third quarter of the year = 100% of Soil Water Holding Capacity (Assumption based on the 
article: Agro climatic characterisation, Castaño et al., 2011). 
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Model Calibration - Weightings and Ratings. 
In line with the LSA methodology, the calibration of the model, i.e. the 
determination of the relevant variables and their relative importance, was based 
mainly in expert opinions. The experts consulted for this research are listed in the 
following table. 
Table 2. Experts consulted. 
 
Naturally, the opinions of experts were contrasted with the learnings from the 
literature reviewed. As it was reasonable to expect, the opinions of the experts 
were found to be consistent with the literature. The research was also presented 
and discussed in a seminar in OPYPA, MGAP (9/11/2018), obtaining the inputs on 
the model from a multidisciplinary team of professionals. Therefore, the wide 
range of specialists consulted contribute to boost confidence that the parameters 
of the models are not biased and reflect reasonably well the current state of 
knowledge. Finally, the expert opinion approach was complemented by a 
correlation and regression analysis (see annex II). However, outcomes were not 
conclusive, probably reflecting the complexity of the phenomenon and data 
limitations (both in terms of availability and quality). 
EXPERT ORGANISATION POSITION, AREA or SPECIALISATION 
Juan Horacio 
Molfino 
MGAP (currently 
retired) 
Soil and Water Division (DSA) of the 
General Direction of Renewable Natural 
Resources (DGRNR). 
Andrés Berger INIA La Estanzuela Main Researcher. Modelling, Field crop 
science, Environmental Biophysics.  
Agustín Giménez INIA Las Brujas Technical Unit Coordinator. Crop science. 
Mario Bidegain INUMET Director of Climatology. 
Walter  
Oyhantçabal 
MGAP – OPYPA Coordinator of the Unit of Sustainability 
and climate change. 
Cecilia Jones MGAP – OPYPA Coordinator of the National Adaptation 
Plan for the Agricultural Sector. 
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Model Validation 
Given the fact that, historical monthly information was not available in a GIS 
readable format18 the model could not be tested against real annual data. 
However, it would be convenient to validate it, as data becomes available. One 
possibility on how to run that analysis is suggested below. 
The LSA model could be applied year by year for the historical period for which 
data is available, to evaluate if  what the model estimated actually happened 
(through measures like the Coefficient of Determination, R2, or the Root Mean 
Squared Error, RMSE). To do that, it is necessary to have monthly maps, from 
October to April, for each variable of the model related to climate (rainfall and 
evapotranspiration, the rest of the variables are assumed constant). As working 
with such an amount of data would be very time consuming, only the last three 
years (2015/16, 2016/17 and 2017/18) could be considered in a first approach. 
Although this appears to be quite a limited sample for the validation process, these 
years have the advantage that they represent a rather “normal” year and an 
“extraordinarily good” and “bad” year in climatic terms. Hence, all scenarios are 
considered and in particular, the very favourable year (2016/17) is very useful to 
check if the maximum potential of rain fed yield was reached. 
 
III.1.2 Complementary Environmental Analysis 
 
In relation to the environmental evaluation and in addition to the LSA, other 
ecological aspects were considered, in order to provide information to achieve a 
better balance between agriculture and natural resources. Multiple areas with 
environmental roles were identified, including protected and potential protected 
areas, RAMSAR areas, biosphere reserves, threatened ecosystems, IBAs 
(Important Bird Areas) and areas of conservation priorities. They are defined 
below. 
The protected and potential protected areas are zones where productive 
development is or will be integrated with the conservation of natural resources. 
People actually live and produce in those areas, but being particularly careful of 
the environment in order to maintain their natural and cultural values. RAMSAR 
areas are regions of conservation and rational use of wetlands and their resources. 
Biosphere reserves refer to experimental areas that aim to harmonise the 
preservation of biodiversity with the sustainable use of natural resources. 
Threatened ecosystems are those that have been reduced and whose surface 
currently occupies areas between 10,000 and 200,000 hectares. They are classified 
as seriously threatened (<10,000 hectares), in danger (>10,000 and <100,000 
                                                          
18 A conversion from GIF to TIFF format was first needed and afterwards, the 
information needed to be georeferenced and converted from shapes to raster. 
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hectares) and vulnerable (>100,000 and <200,000 hectares). IBAs are areas of 
importance for bird conservation. Finally, the areas of conservation priorities were 
defined considering the areas that allow the conservation of many species and 
ecosystem services (Brazeiro et al., 2012; MVOTMA, 2015 and MVOTMA, 2018). 
Some of the areas previously defined possess a high environmental value to 
support biodiversity and ecosystem services and therefore should be preserved to 
build a sustainable future. That means that they cannot be used for agricultural 
purposes. 
Following the concept of multi functionality described in the literature review and 
considering what is already happening in protected areas, those environmental 
areas can be used, for example, for eco-tourism, recreational and educational 
purposes. In that way, additional income and job opportunities can be generated 
in the region of study. 
 
III.1.3 Economic Analysis 
 
In relation to the economic analysis, the potential of soybeans to generate profits 
under the future climate conditions was assessed. To do that, a typical cash flow 
analysis was carried out, estimating monetary costs and benefits. Nevertheless, it 
is important to bear in mind that the agricultural production process involves the 
use of inputs and the generation of outputs that do not have a market value (i.e. 
they do not have a price). Those “non-monetary” inputs and output are however, 
of great relevance in terms of the environmental sustainability of the agro-
ecosystems and therefore, future studies should consider them19. Figure 11 shows 
the aspects that were considered in this thesis (they appear in grey) and those that 
were not included (they appear in orange). 
 
 
 
 
 
                                                          
19 In that sense, a National System of Environmental Accounts is beginning to be developed in 
Uruguay. It intends to reflect the interrelations between the economy and the environment, 
through the application of the SEEA methodology (which is an internationally validated accounting 
framework developed in 2012 by the Statistical Commission of the United Nations). The ultimate 
goal of these accounts is to improve the GDP measure in order to evaluate if the current 
production, distribution and consumption system is sustainable. See 
https://seea.un.org/sites/seea.un.org/files/seea_cf_final_en.pdf   
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Figure 11. Monetary and Non-Monetary Inputs and Outputs of the Production 
Process. 
 
Non-monetary Inputs and Outputs 
Regarding the non-monetary aspects, one important service that the natural 
resources offer is the provision of food, which is possible due to the flows of 
energy and matter within the system. In fact, through the photosynthetic process 
the plants take solar energy, CO2, water and nutrients to transform them into 
organic matter and oxygen. Therefore, these four inputs should be considered also 
as inputs in the production process. In relation to the outputs, the process not only 
leads to the production of food, but also generates “environmental externalities” 
that can be negative or positive. The term externalities refers to the effects that 
are external to the grower, which go beyond the farm. They affect other 
stakeholders, but the farmer does not pay for them (in the case of negative 
externalities) nor receives any compensation (in the case of the positive ones). In 
other words, farmers do not “internalise” those costs or benefits on their budgets. 
The most known negative environmental externalities of soybean production are 
the nutrients and agrochemicals exports to watershed and soils20, GHG emissions 
(through the oxidation of soil organic carbon), air pollution in places closed to the 
                                                          
20 In general, the presence of nutrients like N and P in watershed (eutrophication) favours the 
development of algae and other aquatic plants. They consume oxygen, reducing its availability for 
other beings and causing consequently, the death by suffocation of the fauna and flora of that 
environment. On the other hand, the presence of some toxic agrochemicals can also lead to the 
death of living organisms.     
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farm (through the applications of fertilisers and agrochemicals by plane) and soil 
erosion (loss of nutrients and organic matter, due to inappropriate rotations for 
instance). 
Another output of the production process is stubble residues. They are strongly 
related to the carbon cycle and contribute to the environmental sustainability of 
the system (they can be considered as a positive externality). The quantity of 
stubble residues are associated with the harvest index, which reflects the relation 
between the crop yield and the total amount of biomass produced. The biomass 
that is not harvested remains in the farm and hence, part of the organic matter 
produced is returned into the soil (in a circular fashion). Moreover, the presence 
of residues prevents soil erosion due to heavy rainfalls.  
All the previous externalities affect the capacity of ecosystems to offer its services. 
One example of ecosystem service was mentioned before: the provision of food. 
There are many other services and they can be classified as follows: provisioning, 
regulating, supporting and cultural services21. They are fundamental for survival 
and therefore, should be preserved. To ensure that, the environmental inputs and 
outputs of the agricultural production process must be measured and sustainable 
indicators need to be built22.  
One significant challenge around this subject is how to assign a value to those 
ecosystem services. In that sense, several methods are being developed to tackle 
that issue. Some examples of those techniques are hedonic prices, replacement 
costs, damage costs avoided, restoration costs, travel costs, among others23. 
However, these methods can be controversial. In fact, the idea of measuring them 
has itself been questioned. Despite methodological limitations, the decision- 
making process would benefit from a quantitative metric to evaluate alternative 
activities with different environmental impacts. 
Monetary Inputs and Outputs 
To carry out the monetary analysis the current costs and incomes structure was 
considered, and then, each of the elements were forecasted until 2060. Usually, 
in a cash flow analysis, the period of study is defined as the useful life of the 
evaluated investment. In this case, no particular investment was assessed. 
Therefore, 2060 was selected as the horizon forecast because climate projections 
were available until that year and because it is a sufficiently long period to 
evaluate the impacts of climate change. Finally, a discount rate was applied to be 
                                                          
21 http://www.fao.org/ecosystem-services-biodiversity/background/provisioning-services/en/  
22 The paper published by S. Mazzilli (date not available) regarding sustainability indicators can be 
taken as a model to build those measurements. The environmental indicators used in the SDSN 
(Sustainable Development Solutions Networks) for the rice sector can also be used as a reference 
(paper in progress, not yet published). 
23 See table 6.1 
https://seea.un.org/sites/seea.un.org/files/technical_recommendations_in_support_of_the_see
a_eea_final_white_cover.pdf  
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able to compare across time the money perceived in different years along the 
forecasted horizon. It makes future value worth less today24. The annual discount 
applied was 5%, which corresponds to the rate paid by government bonds with a 
30-years maturity (BEVSA, Electronic Stock Exchange of Uruguay - 2018). When 
the future margins (difference between incomes and costs) are already 
discounted, the results of each year can be added, and the final value is called NPV, 
Net Present Value. It is a summary indicator of the margin’s performance during 
the whole period of evaluation. 
Regarding the current monetary costs and incomes, information published by 
Deloitte and MTO was used25. This allows us to calculate the gross economic 
margin, which is a measure of profitability. It is calculated as the difference 
between the gross income (price * quantities sold) and the variable costs (those 
that vary according to the production). Variable costs include for example seeds, 
fertilisers and agrochemicals, fuel, sales commissions, insurances, among others. 
Although the owner can work on the farm, salary costs are also considered, to 
properly reflect the production costs26. However, fixed costs, the cost of land rent, 
financial interests and taxes over profits were not considered. 
In relation to the projection of each of the aforementioned variables, different 
methods were applied. Regarding the incomes and in order to forecast the 
soybean price, the commodities price outlook published by the World Bank and 
the futures prices in Chicago (CBOT, Chicago Board of Trade) were utilised27. The 
model developed to forecast this variable (that links the international reference 
price with the local price) is shown in appendix IV. 
Future soybean yield was estimated by extrapolating the linear trend of historical 
growth, which was then adjusted considering the results obtained in the land 
suitability analysis. It was also assumed that farmers apply “good agricultural 
practices” and comply with the land use and managment plans. In that context, 
the probability of increased productivity levels, as assumed here, increases. 
Additionally, it is assumed that the winter predecessor is a coverage crop (e.g. 
oats) and it was considered as another production cost. 
                                                          
24 The decision maker is not indifferent about the time at which the costs are assumed and the 
benefits are received. In general, individuals will prefer to have the money today than to receive 
the same amount in the future. The discount rate, that is, the mathematical formula that allows 
calculating the current value is: 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 =
𝑉𝐹𝑛
(1+𝑟)𝑛
, where n is the period in which the cost 
or benefit is perceived, VFn is the nominal value of this and r is the discount rate that represents 
the value of future money (FAO-PNUD, 2018). 
25 http://7moencuentro.mto.org.uy/wp-content/uploads/2018/08/Observatorio-Oleaginosos-
Uruguay_Zafra-2017-2018v3.pdf  
26 It reflects also the “opportunity” costs of work. This term refers to the value that is waived by 
consuming or using a good or services (farmer’s time) for a given purpose (working at the farm) 
instead of another possible destination (working in the city). 
27 The forecasts of other international organisations, like the International Monetary Fund or 
FAO-OECD, were also revised but they were more outdated than the World Bank projections. 
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Regarding the remaining costs, most of them (fertilisers, agrochemicals, and fuels) 
were also forecasted considering information from international organisations28. 
In the case of salaries and other expenses, other techniques detailed below were 
applied. 
Additionally, the exchange rate was also projected since the farmers sell their 
products in dollars but some of their costs (like salaries) are measured in 
Uruguayan pesos. Clearly, all the variables should be expressed in the same 
currency to be comparable. Forecasting the exchange rate, salaries and inflation 
would ideally require the development of a general equilibrium model, which 
considers the interrelationship of all the variables and all the markets in an 
economy. However, this would exceed by far the scope and objective of this thesis. 
As a consequence, partial equilibrium models were used.  
The assumptions utilised to forecast costs variables were the following: 
o Nominal Consumer Price Index (CPI): it was assumed that in the long term, 
consumer prices will continue to grow at a 5% annual rate, equivalent to the target 
set by the monetary authority (Central Bank of Uruguay, BCU). In the near future, 
the median of the last BCU expectation survey was considered (September 2018). 
o Nominal Wages Price Index (WPI): it was assumed that in the long run, real 
wages will continue to grow at a 1.5% annual rate, equivalent to the historical 
average (1980 - 2017) growth rate. Consequently, in nominal terms, salaries would 
continue increasing above the inflation rate.   
o Real Exchange Rate: a Purchasing Power Parity model (PPP) was applied. It 
assumes that the exchange rate between two countries will adjust to ensure that 
purchasing power is the same in both countries. That means that despite the real 
exchange rate cyclical fluctuations (the country is temporarily expensive or cheap), 
it tends to return to a long-term equilibrium average. 
o Nominal Exchange Rate: the nominal exchange rate was calculated by 
clearing that variable from the following formula: real exchange rate = nominal 
exchange rate * CPI in United Stated / CPI in Uruguay. United State consumer 
prices’ forecast was obtained from the IMF outlook.  
o Fuel Price: this variable was projected by means of a simple econometric 
model, which considers the future price of fuel published in Nymex. 
o Fertiliser and Agrochemical Prices: those prices were forecasted based on 
the World Bank commodity outlook. 
                                                          
28 The products that can be classified as ‘commodities’ (which are homogeneous and widely-
available), are generally traded in international markets and therefore, an international reference 
for future prices can be found (for instance, in international organisations like FAO, World Bank, 
IMF, etc.). 
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Finally, it is worth clarifying that the price projections published by the World Bank 
go until 2030. From then on, it was assumed that prices remain constant with 
respect to the last value published by the international organisation. 
The models developed to forecast the price of soybeans, fuels, fertilisers and the 
real exchange rate are shown in appendix IV. Supporting graphs are also shown in 
that section. 
Comments on the Scope of the Economic Analysis 
o The economic analysis was performed using aggregated information for the 
whole country. Therefore, the results reflect the average performance of 
agribusiness. However, the margins obtained by the farmers can vary 
significantly, depending on the price received, the impacts of climate, the 
technological advance, managerial practices, among others. 
o The margin was estimated only for soybeans. However, as in the LSA analysis, 
it would be better to run these kinds of studies for several commodities to 
obtain a more comprehensive picture and to analyse their interactions. 
o The margins are estimated for an existing, mature business. It means that the 
cost of the initial investment needed to start the business is not included. 
o The information provided here can be used for example, to estimate the Net 
Present Value (NPV) of the investment needed to irrigate soybean (considering 
that the water requirements are generally higher than rainfalls in key stages of 
the crop development). 
o This study recognises that economic margin is not the only element that 
farmers consider when making decisions concerning production. Indeed, there 
are other relevant factors that affect that decision, such as social, cultural, 
organisational and political aspects, but they were out of the scope of this 
research. 
o Lastly, a more complete economic study would have required the assessment 
of the contribution of soybeans to the value-added generation, accounting for 
the payments of taxes and salaries in addition to profits. However, it takes 
more time and information and therefore was not assessed here either. 
o The social aspects that are usually taken into account in evaluations of public 
projects were also not considered here. For example, there was no analysis as 
to whether the activity under investigation employs qualified or unqualified 
personnel, or the number of jobs created indirectly. Neither were the PRCs* 
(ratios that are used to adjust prices) taken into account29. 
o Due to the uncertain nature of the forecasting analysis, a risk examination was 
conducted afterward, to evaluate the robustness of the baseline scenario 
defined at this stage. 
 
                                                          
29 See SNIP. National public investment system, social prices and technical guidelines for 
socioeconomic evaluation. http://200.40.96.180/images/Precios_y_pautas.pdf  
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III.1.4 Risk Analysis 
 
The effects of climate in the agricultural sector can be classified into two 
categories. On the one hand, there are gradual effects due to changes in the trends 
of climatic variables and, on the other hand, there are shocks related to the 
occurrence of extreme events (FAO-PNUD, 2018). 
The assessments described in the previous sections (LSA and economic analyses), 
only evaluate the trend evolution of the variables and do not consider climate 
variability, which is in fact one of the biggest concerns for farmers. In that context, 
a risk analysis was incorporated30.  
The risks associated with climate variability can be evaluated through four 
different analysis. These options are: expected value of the variables considered 
in the evaluation, sensitivity, scenario and Monte Carlo analyses (FAO-PNUD, 
2018). In this research, the last two alternatives were applied. 
 
Sensitivity analysis 
The sensitivity analysis aims to evaluate the net present value responses due to 
changes in one variable, keeping the other factors constant. In this research, the 
variables assessed were soybean price, yields, salaries, exchange rate and the 
price of fuel, fertiliser and agrochemicals and seeds. For the sensitivity analysis  an 
increase of 10% of those variables was assumed and that figure was later 
compared with the associated net present value variation, in order to calculate 
their elasticity (NPV change / variable change). 
 
Monte Carlo analysis 
In general, the purpose of applying the Monte Carlo analysis in this study was to 
arrive at an expected probability distribution of profits, through the simulation of 
hundreds of climate scenarios. The method is further described below. 
The Monte Carlo analysis is a risk modelling technique, which can be applied in 
different ways (HM Treasury, 2003). In this case, it was conducted in order to 
evaluate how the risks associated with future climate and therefore, with future 
yields, would affect farmers’ economic margin31. 
                                                          
30 The risk and uncertainty concepts are often used indistinctly, although they actually refer to 
different aspects. In fact, risk refers to uncertain situations in which the possible results of an action 
can be clearly established and a probability of occurrence can be also assigned to these results. 
Meanwhile, uncertainty refers to situations in which it is not possible to assign objective 
probabilities to different results, because the knowledge about the phenomenon analysed is 
limited. 
31 This analysis could also have been applied to analyse other variables that affect the economic 
margin. In particular, it is well known that sale price variability has also significantly affected the 
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The main steps of the method are the following:  
1. Associate probability distributions to the climate variables considered in 
the LSA (rainfall, average temperature and radiation).  
The Weibull and Shapiro tests were run on historical climate data in order 
to evaluate their distribution. The tests did not contradict the assumption 
that both the average temperature and radiation have a normal 
distribution, while rainfall has a Weibull distribution. The historical 
parameters of those distributions for each month were estimated in the R 
program (mean and deviation for normal variables and scale and shape for 
Weibull variables). More details about this point can be found in annex V. 
2. Associate future probability distributions to those variables.  
Monthly future average temperature mean was obtained from the data 
contained in the maps downloaded from WorldClim. However, in the case 
of deviation, that information was not available. In fact, what can be 
appreciated in the maps is the geographical variability, not the temporal 
variation. Therefore, historical deviation data was considered as a 
reference. Then, as it is expected an increase in the occurrence of 
extremes, a scenario of a 5% rise of that parameter was assumed to obtain 
the future value. Similarly, as the parameters associated with rainfall 
cannot been obtained from maps, historical data was also used as a 
reference. Finally, as radiation projections are not available yet and this 
variable was supposed to remain stable, historical parameters were 
considered the same as the future ones. 
3. Carry out a high number of simulations (one thousand in this case) of the 
possible values that those climate variables could take (R program was 
used for that purpose again). 
4. Define the expected yields under each of the climate scenarios simulated 
in the previous stage, by means of the LSA model. 
In relation to the nutrient component of the LSA, average values for the 
study region were taken into account. Another consideration to be made 
is that even when technological changes may affect the relationship 
established in the LSA between climate and yield, it was assumed to remain 
constant. 
5. Calculate the expected NVP for each of the yield scenario simulated before, 
considering the future cash flows determined in the economic analysis. 
Build the expected probability distribution of the NVP. It is a function that 
describes possible values that the NVP can take and their likelihood of 
occurrence. In particular, it is relevant to assess the chances that the NVP is 
positive. 
                                                          
margins obtained by farmers in the past and therefore, it would make a lot of sense to study this 
variable too. As commented before, the sensitivity analysis provides useful information to evaluate 
which variables affect the most the NPV. 
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III.2 Area of Study 
 
The methodology previously described was applied to a case-study in a region of 
Uruguay. It is a country located in South America, between Argentina and Brazil 
and positioned amid the parallels 30° and 35° of South latitude (almost the same 
as Melbourne) and among the meridians 53 and 58 of West longitude. It has a 
population of 3.5 million people and a total area of 176,000 square kilometres, 
around three-quarters the size of the State of Victoria (Australian government, 
2017). 
The specific area selected for the study comprises the departments of Soriano, 
Colonia, San José (South Littoral of the country), Río Negro, Paysandú, Salto (North 
Littoral), Flores, Florida and Durazno (Centre). These regions represent around 
90% of the total area sown with soybean. In particular, the South Littoral alone 
currently accounts for 40% of 
the total and contains the 
most productive lands in 
Uruguay (according to the 
“Coneat” index32 published by 
the General Direction of 
Natural Resources, RENARE, 
2017). 
 
Figure 12. Study regions (South 
and North Littoral and Centre 
of Uruguay).  
 
III.3 Commodity Selected 
 
The commodity selected to conduct the analysis was soybean. That decision was 
driven by the importance of that crop in Uruguay’s economy. Indeed, after a 
period of extraordinary expansion (driven mainly by high soybean prices), the 
oilseed surface stood above 1 million hectares from the fiscal year 2012/13 
onwards. That figure represents about 90% of the total summer rain fed crops area 
and 80% if we also consider the rice production (irrigated crop). Furthermore, 
soybean was placed third in the export ranking in 2017, behind meat and cellulose 
pulp. Besides, it is one of the products that contributes the most with the added 
value generation within the primary sector. However, in terms of employment 
creation, soybean production does not stand out. In fact, it employs 5 people for 
                                                          
32 This index measures the productivity of the soil, considering their capacity to produce kilos of 
bovine and ovine meat and wool per hectare per year, according to its edaphological features. 
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every 1,000 hectares. Moreover, considering indirect jobs (e.g. those involve in 
oilseed transport and in services provision), the total amount of employees 
accounts for less than 10% of the total agricultural workers33. All those values can 
be appreciated in the figure below. 
Figure 13. Soybean relevance in the agricultural sector. 
 
From a sustainability point of view, an analysis that focuses on only one 
commodity does not present a complete picture regarding the best use of lands. 
Undoubtedly, the land use optimisation problem requires analysts to understand 
the dynamic and the competition between different commodities / sub-sectors for 
the use of soil. As mentioned in the theoretical framework, the allocation of lands 
implies not only studying the future incidence of climate in the production, but 
also multiple other aspects, including environmental, economic and social 
considerations. A multidimensional analysis accounting for multiple commodities 
would exceed the scope of this thesis. However, future works may apply the 
approach of this research to a wider range of commodities and consolidate the 
results to support the decision-making on the best use of lands. 
Finally, it is worth mentioning that most of the soybean production in Uruguay is 
exported without being processed (>90%). The remaining portion is used by the 
local industry, mainly to produced oil and flour and to a minor extent, biodiesel. 
In a few extreme cases, when the quality of the product was very low, it was used 
                                                          
33 Figure estimated considering data from the Household Survey published by INE and assuming 
that most of the cereal and oilseed sector workers are employed in soybean production. 
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to feed cattle. See the structure of the oleaginous conglomerate in figure 1 in this 
link. 
Agronomical and Technological Aspects of Soybean Production 
Soybean is a rain fed crop in Uruguay and is cultivated during the summer season. 
It is sown mainly between October and November and is usually harvested in April, 
since the predominant maturity groups (the element that determines the length 
of the phonological cycle) are medium, according to data from Urupov.  
Regarding the planting period, there are two varieties of soybeans: early and late, 
commonly called in our country “first” and “second” soybean respectively. 
Considering the results of the farmer survey carried out by Deloitte and MTO, the 
early season soybean is sown mostly in late October and during the first fortnight 
of November, while the late variety is sown mainly during the second half of 
November and the beginning of December. In this regard, in recent years the area 
of early soybean has increased significantly in comparison with the late variety. 
Concretely, the early soybean surface currently accounts for around 70% of the 
total soybean area. For that reason, the early soybean variety was selected to be 
analysed in this research. 
The phenological stages corresponding to the early soybean are described below, 
according to the information published by INIA34.  
Table 3. Early soybean phenological stages. 
                             Source: INIA. 
The distinction between early and late soybean is important not only because it 
defines the time frame in which the crop is exposed to climate variability, but also 
because planting the early variety is incompatible with producing another crop 
(like wheat or barley) during winter. This has many implications in terms of the 
economic performance of the farm and in the sustainability of the agro-system. As 
                                                          
34 http://www.inia.uy/gras/Alertas-y-herramientas/Utilidades 
Phenological 
Stage
Reference
Cycle 
(days)
Date
Sowing Sowing 0 1/11/2014
VE Emergence 11 12/11/2014
V2 Second Knot 20 21/11/2014
V4 Fourth Knot 27 28/11/2014
V6 Sixth Knot 35 6/12/2014
V8 Eighth Knot 44 15/12/2014
V10 Tenth Knot 52 23/12/2014
R1 Beginning of Flowering 69 9/1/2015
R3 Start of pod formation 92 1/2/2015
R5 Seed Formation 124 5/3/2015
R7 Beginning of Maturity 157 7/4/2015
R8 Full maturity 171 21/4/2015
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commented before, the dominant rotation system is soybean - fallow or cover 
crop - soybean. This sequence is practically a summer monoculture scheme and 
many concerns have arisen regarding its sustainability and resilience to negative 
shocks. 
In Uruguay, the rotation system is regulated through the Plans of use and 
responsible management of soils. They consist in determining a succession of 
crops to be cultivated in a production unit that does not generate soil erosion 
losses above the tolerance established for the soil under consideration (MGAP, 
2018). The soil erosion is estimated using the universal soil use equation, which 
considers a rainfall erosivity factor, a soil erodability factor, topographic and 
management factors (Clérici and García, 2001). The plans were introduced in 2008 
by means of a modification in the soil conservation policy through Decree No. 405. 
Subsequently, in 2013, it was declared mandatory for rain fed agriculture in farms 
of more than 50 hectares (Moreira and Rovira, 2017). The predominant rotation 
actually meets the regulation requirements. However, in light of recent 
investigations, the normative is likely to change and be more demanding, 
particularly in relation to the residues35 associated with each sequence (since it 
was proven that in some cases the actual residues generated are lower than those 
assumed in the regulation). 
Another important technological aspect is that since 1996 the Genetically 
Modified Organism (GMO) or transgenic soybean was introduced and since then, 
they have predominated in our production system (link). Some stakeholders in the 
industry are currently proposing to produce not genetically modified soybean as a 
differentiated product (Uruguay XXI, 2018. Document not yet published). Finally, 
another important aspect is that since the early 2000s, direct sowing become the 
main tillage system, which determined a significant increase in soybean 
productivity. 
The main aspects previously described and other important features are 
summarised in the following table. 
                                                          
35 Aerial and underground biomass of each crop of the sequence that remains in the soil and that 
fed the carbon cycle (base on S. Mazzilli). 
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Table 4. Main agronomical and technological aspects. 
 
III.4 Climate Characterisation and Historical Impacts on Soybean Yield 
 
In terms of how the climate changes unfolded in the last decades in Uruguay (from 
1931 to 2000), empirical evidence shows that there has been a shift towards 
warmer conditions and greater annual cumulative precipitations. There is also a 
perception that the frequency and intensity of droughts has risen. In the same 
TECHNOLOGICAL CHARACTERISATION (1) - Fiscal Year 2017/18
Early Soybean 
(1st)
Late Soybean 
(2nd)
Unit of 
Measurement
Sowing and harvest dates
Sowing period Oct - Nov Nov - Dec -
Harvest period Abr Abr - May -
General features
Inoculation 100% 100%
Curasemilla 100% 100%
Adjuvant 100% 100%
Irrigation 1% 0%
Precision agriculture 15% 36%
Fertilisation
Phosphorus (P) 47 8
Potassium (K) 14 9
Nitrogenous (N) 10 5
Agrochemicals
Fungicide 100% 100%
Insecticide 16% 13%
Nr. of applications - Fun. & Ins. 5 4
Nr. of applications - Herbicide 4 2
Seed
Own seed 50% 58% % of total area
Sowing density 73 86 kg / ha
Predecessor Crops
In summer
Soybean
Corn
Pastures
In winter (2)
Wheat - 42%
Barley - 34%
Rapeseed (canola) - 13%
Coverage / service crop 71% 10%
Source: Deloitte - Farmer Survey.
(1) These figures reflect the situation of the farmers who answered the survey, which 
represent around 10% of the soybean area. (2) These figures refer to 2016/17.
2%
1%
% of total area
% of total area
97%
% of total area
% of total area
#
kg / ha
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way, the mean and minimum temperatures in the frost days went up and the 
duration and the number of those events decreased (Bidegain et al., 2012). 
According to a research carried out by Castaño et al. in 2011 with climate data for 
1980 – 2009, Uruguay has a subtropical to temperate climate, with an average 
annual rainfall that ranges from 1,200 mm in the Southwest of the country to 
1,600 mm in the Northeast part. In seasonal terms, the maximum precipitations 
come about in winter. The average temperature is 17.7 °C and it ranges from 
19.8°C in the North to 16.6°C in the South. The minimum and maximum national 
monthly mean temperatures are 12.9 °C and 22.6 °C respectively. The highest 
temperatures occur in January, and the lowest in July. Detailed information about 
Uruguayan climate can be found on the INIA GRAS Unit website (link) and INUMET 
(link). 
Beyond the average behaviour of the climate variables, it is important to point out 
that the values observed in a particular year can defer significantly from those 
figures, given the high inter-annual variability (Castaño et al., 2011). Volatility is of 
great concern for both farmers and policy makers and therefore, should not be 
ignored in the decision-making process and in the design of public policies. In fact, 
these changes have severely affected the primary production in the past and have 
been considered by farmers and agronomists as one of the most important 
problems that the sector faces, according to a survey conducted in 2013 by 
Equipos Mori. See the graph below. 
Figure 14. Soybean yield – Observed, trend and anomaly.36 
 
                                                          
36 The slope of the linear regression model can be interpreted as the average annual increase of 
soybean yield due to technological changes. The anomaly is calculated through this equation: YAt 
= (yt -ŷt)*100 / yt, where YAt, is the percentage deviation or anomaly in year t of the observed 
yield in relation with the expected one, yt is the observed yield (kg/ha) in year t and ŷt is the 
expected yield (kg/ha) in year t according to the linear regression model. 
y = 28.343x + 1003.7
R² = 0.4903
0
500
1,000
1,500
2,000
2,500
3,000
1974 1986 1998 2010
Soybean yield
National average - Kg/ha
Observed values
Linear (Observed values)
Source: DIEA y OPYPA.
2018
-60%
-40%
-20%
0%
20%
40%
1974 1986 1998 2010
Soybean yield anomaly 
National Average - %
2018
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Table 5. Dispersion measures.  
 1999 – 2008 2009 - 2018 
Range (kg/ha) 1,551 1,737 
Min | Max (kg/ha) 768 | 2,319 1,214 | 2,951 
Mean (kg/ha)  1,890 2,152 
Standard Deviation (kg/ha) 486 495 
Variation Coefficient (%) 26% 23% 
Source: own elaboration based on DIEA and OPYPA. 
 
The graphs in figure 14 clearly show the instability of soybean production, which 
has been altered by climate extremes. However, and as can be appreciated in the 
table, that variability (measured by means of the standard deviation and the  
variation coefficient) have not changed too much in the last decade in comparison 
with the previous decade. 
In addition, the impact of climate has not only been unequal over the years, but 
also throughout the country. Naturally, the differences in the yield obtained in 
each region also respond to a large extent, to soil features, among other regional 
specificities. However, the climate would also explain much of that disparity. The 
figure below illustrates the diversity of results reached among the different areas 
defined in section III.2. 
Figure 15. Yield variability per region. 2006-2017.37  
                    Source: own elaboration based on Fucrea. 
                                                          
37 According to the Plans of use and responsible management of soils, in 2017/18 the South Littoral 
region represented 42% of the total soybean area, while the North Littoral and the Centre 
accounted for 28% and 19% respectively. The North and South East of the country represented the 
remaining 12% (8% and 4% in each case). It is worth mentioning that even when the order of 
relevance of each region has not changed, the weights has varied over time. That situation would 
have also explained the evolution of the national average yield performance. 
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The box plot graph shows that the highest yields are obtained in the South and 
North Littoral (around 2.6 and 2.7 kg/ha respectively), while the lowest are 
obtained in the East and in the Centre of the country (between 2 and 2.2 kg/ha). 
In relation to how much of the variation observed in yields would have responded 
to climate, there is a relative consensus among researchers that the evolution of 
crop yields can be broken down into two main components. On one hand, the 
historical trend, which is generally associated with technological progress. On the 
other hand, the anomaly (difference between the actual figure and the trend 
value), which is assumed to be explained mainly because of climate variability 
(Baethgen and Carriquiry, 2005). 
The technological component could refer to many elements. Below several 
examples are listed of the factors that could comprise the technological package 
to produce soybean: Sowing and Harvest Period; Cultivar and Maturity Group; 
Sowing Density; Sowing type (direct, conv. tillage); % Rain fed | % Irrigated; % 
Precision Agriculture; Predecessor Crops; Fertilisation Management; use of GMOs. 
Other elements that could affect the long-term evolution of yields (and are not 
necessarily a “technological aspect”) are: Geographical Distribution of farms; Farm 
Size & Property; Farmer Nationality; Qualification & Risk Adversity and Climate 
Change, among others. The list is not exhaustive. Regarding the anomaly 
component, it would be explained mainly due to climate variability and other 
transitory changes. 
 
III.5 Expected Changes in Climate Variables 
 
Numerous models (known as General Circulation Models, GCM) have been 
developed to predict possible future climate changes. Those models are 
mathematical representations of the global climate system, based on the 
properties of its components, their interactions and feedback processes (IPCC, 
2014). One of the inputs of the models is the emission of GHG. The GHG emission 
pathway depends for instance, on assumptions related to socio-economic 
development and growth, climate policies, land uses changes, among others. In 
that context, the IPCC in its fifth assessment designed different scenarios of GHG, 
called Representative Concentration Pathways (RCP), including scenarios of low 
emissions (RCP 2.6), intermediate emissions (RCP 4.5 and 6.0) and of high 
emissions (RCP 8.5). 
Those models naturally involve a high and inherent uncertainty component, which 
needs to be considered. Additionally, those climate models only explain a small 
proportion of the total climate variance. In fact, according to a study conducted 
for Latin America by Baethgen and Goddard in 2012 with data for the 20th century, 
the long-term trend (corresponding to the “climate change” component) 
explained only up to 20% of the total rainfall variance. In some countries, that 
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percentage fell even to 5% - 10%. The decadal component explained another 10% 
- 30% and the inter-annual variability the remaining 50% or more. In the case of 
temperatures, the long-term trend and the decadal components accounted for a 
greater portion of the variation than in the case of precipitations. Specifically, they 
accounted for around 50% - 60% of the total changes in the last century. 
Therefore, it is advisable to complement the results obtained from those climate 
models with risk studies, such as Monte Carlo analyses (see section III.1.4). 
 
Additionally, since the information contained in those models is generated from 
global climate models, the results do not necessarily reflect in a proper way the 
national climate system (particularly in the case of rainfalls). In consequence, 
some techniques have been developed to “downscale” the data from the GCM to 
a local level to be able to use the information in regional studies. Two of the most 
well-known approaches are the “statistical” and “dynamic” downscaling38.  
 
In the case of Uruguay, Molinari and Bentancur (2018) applied the statistical 
technique to reduce the scale of the data produced from three different GCMs and 
two RCP scenarios (4.5 and 8.5). The GCM selected (CANES, CNRM and MPI) were 
those that better reflected the historical evolution of the Uruguayan climate 
(when they were compared against data provided by different national 
meteorological stations). That research concluded that both in the near and 
distant future (2010/2040 and 2040/2070 respectively) it is expected an increase 
in precipitations and in the minimum and maximum temperatures. That result was 
independent of the climate model and the season, although differences in the 
magnitude of changes were observed.  
 
According to this study, the average temperature in Uruguay would rise between 
1.5 ºC and 3 ºC in the period 2010/2070. In the case of the minimum and maximum 
temperature, the change would be higher in autumn-winter. Regarding rainfalls, 
an increment is also expected, particularly in the spring summer period. Indeed, it 
is foreseen a rise of among 10% to 25% of precipitations in those seasons in 
2010/2040 and of 15% to 40% in 2040/2070, considering various models and 
emissions scenarios. For the autumn winter period the expected rise is somewhat 
lower (between 5% to 10% in the near future and 10% to 30% in the distant 
future). With respect to extremes, the occurrence of frost is expected to diminish, 
while the frequency of heat waves39 would rise. Regarding the water deficit40, a 
decrease is foreseen in the period analysed, principally during the cold season. 
                                                          
38 The dynamic downscaling consists of running a regional climate model, which is in turn fed with 
information generated by global models. It requires a high computational processing capacity and 
considerable space to store the models outputs. The statistical downscaling seeks to find a stable 
relationship between the results of large-scale GCMs and local climate variables (like for example, 
humidity with precipitations). That relationship is assumed constant in the future, so the local 
variables can be predicted considering the forecast for the related global variable. It is much less 
demanding in computational terms than the previous method. 
39 Situations in which at least during three consecutive days the maximum temperature of the day 
exceeds the average for that day plus three times the standard deviation of the historical maximum 
temperature for that date. 
40 Periods of low and very low accumulated monthly rainfalls were used as indicators of deficit.  
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Precipitation events of more than 20mm in a day were also studied, but no 
significant change was detected. However, it could be expected a greater increase 
of those events in the southern part of the country, rather than in the northern 
region. 
 
In addition to the research made by Molinari and Bentancur, there are other 
previous climate projections studies in Uruguay. One of them is the paper 
published by Navy et al. (2016). It also worked with different climate models 
(ACCESS, CANES, CCSM and HADGEM) and emissions scenarios (RCP 4.5 and 8.5). 
It considered two time horizons (2020/2040 and 2040/2060) and it forecast the 
evolution of two climate variables: temperature and precipitations. The future 
climate scenarios generated from the assembly of the four models anticipate an 
increment in the mean temperature, which would be higher in the scenario 8.5 
and in summer in the north of the country. Specifically, temperature would 
increase between 0.6 ºC and 1.1 ºC in the near future horizon and between 1.0 ºC 
and 2.0 ºC in the period centred around 2050. Regarding rainfall, it is predicted to 
increase between 3% and 10% both in the near and distant future and mainly in 
the northeast of the country. 
 
III.6 Data Sources 
 
To run the land suitability analysis a search of the information currently available 
about soils and climate in Uruguay was made initially. This is an important step, 
since it generally determines to what extent the methodology can be applied and 
the quality of the conclusions. 
All the data found, as well as their sources, were summarised in table 6. As can be 
appreciated, there is information available in different resolutions (see column 4). 
In particular, the more detailed data was selected to run the LSA. In the case of 
soils, the CONEAT cartography at a 1:40.000 scale was chosen (source MGAP, link). 
It contains most of the information needed for the LSA; soil water holding capacity, 
fertility, erosion and drainage. Additionally, information referred to the chemical 
features of the A horizon (pH) was also used (source: J. Molfino and MGAP). This 
information is also published in the link previously mentioned. Soil data is already 
provided in polygons (format readable by ArcGIS) in this source. 
Soil data from international sources were discarded since their resolution was 
lower or because in some cases it was not consistent with local data. 
One important consideration regarding soil data has to be stated. Its level of 
resolution, as well as the fact that it reflects the “dominant” situation of each 
coneat group, does not allow analysis to be performed at the farmer level. 
However, the information is useful to make regional planning policies, to evaluate 
soil potential and its limitations for specific uses (DGRN-MGAP, 2014). 
As regards climate, the CCSM4 Global Circulation Model under the 8.5 RCP 
(business as usual, “conservative” scenario) was utilised and the data was 
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downloaded from WorldClim’s webpage (link)41. Its level of resolution is 
approximately 1 km * 1 km (30’’) and the data is presented on a monthly basis and 
in rasters (another format readable by ArcGIS). The future time horizon considered 
was 2040-2060 and historical information used as a reference for comparison 
corresponded to the period 1960-1990.  
In relation to future climate data, it is worth clarifying the following:  
- Due to the inherent uncertainty of climate forecasts, it is common to work 
with different models and GHG concentration pathways. Instead of doing that, the 
Monte Carlo analysis was carried out in this research to assess risks, since it allows 
us to work with hundreds of climate scenarios.  
- As national climate data becomes available at a higher resolution and at a 
format readable to GIS programs, the results obtained in this research can be 
improved, by incorporating information that better reflects local climate 
conditions. 
Finally, in relation to data management, the coordinate system utilised was GCS 
WGS 1984 and the projection system was WGS 1984 | UTM zone 21s.42 
 
                                                          
41 Another option would have been to use the information provided by Navy et al. (2016), which 
was obtained as an average of the four GCMs that better reflect local conditions. The resolution of 
this data is 200 km * 200 km and it is presented on a seasonal basis. The projections provided by 
Molinari and Bentancur, who applied a statistical downscaling for some INIA and INUMET 
meteorological stations, is an additional option. 
Working with climate data already downscaled to Uruguay is desirable to better account for 
regional climatic conditions. However, in the case of the information provided by Navy et al. the 
resolution is quite coarse, and it is presented on a seasonal basis. Even when such projections are 
solid, they do not allow the observation of differences within the study region and make the 
application of the LSA model more difficult, which considers the different stages of soybean 
development month by month. Additionally, the information is not currently available in a format 
readable by a geographical program (like ArcGIS). It is necessary therefore, to process the data 
prior to using it and that could be very time consuming and exceed the aim of this research. 
Besides, in the case of the information provided by Molinari and Bentancur, additional processing 
is also required before using it in the LSA. In fact, data refers to some meteorological stations and 
consequently, it would be necessary to perform an interpolation to get the data in a map. For that 
purpose, the Kriging methodology could be applied. This is also out of the scope of this study. 
42 Finally, the data was resample (using the bilinear method) to 90 * 90 metres, since the LSA model 
initially considered also the variable ph, which have a high resolution and hence, the resolution of 
the remaining variables was changed to express them all in the same way. Finally, the ph variable 
was considered within the soil water holding capacity equation and not as a separate factor. 
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Table 6. Data sources: Soil and climate data. 
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In addition to soil and climate data, information about 
soybean yield was also needed for the analysis. 
Available information is presented in the following 
table.  
Table 7. Data sources: soybean yield. 
 
 
Lastly, the sources of the information required to carry out the economic analysis (prices and costs) is shown in table 8. As commented 
previously, it refers to the national average and therefore, reflects the average situation of soybean farmers.
SOURCE COVERAGE PERIOD 
DIEA - OPYPA  
(Agricultural Survey)  
National 1973/74 – 2017/18 
FUCREA 
~ 300 spots, located in the South 
Littoral, North Littoral, Centre, 
Northeast & Southeast areas 
2006/07 – 2016/17 
INIA – INASE (National 
Evaluation of Cultivars) 
La Estanzuela  2000/01 – 2017/18 
Young 2000/01 – 2017/18 
Dolores. Mercedes 2013/14 – 2017/18 
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Table 8. Economic analysis data sources. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SOURCE LINK
GENERAL DATA
Nominal Discount Rate BEVSA https://web.bevsa.com.uy/Mercado/MercadoValores/Productos.aspx
Annual Inflation - EEUU BLS https://www.bls.gov/data/#prices
CURRENT DATA
Income information
http://7moencuentro.mto.org.uy/wp-content/uploads/2018/08/Observatorio-
Oleaginosos-Uruguay_Zafra-2017-2018v3.pdf
http://www.camaramercantil.com.uy/softis/documentos/dl/ceroleag/
Yield
Own estimation based on 
DIEA and OPYPA
http://www.mgap.gub.uy/noticia/unidad-organizativa/oficina-de-programacion-
y-politica-agropecuaria/13-07-2018/diea-presenta
Costs information
FUTURE DATA
Income information
https://www.cmegroup.com/trading/agricultural/grain-and-
oilseed/soybean_quotes_globex.html
http://www.worldbank.org/en/research/commodity-markets
Yield
Own estimation based on 
historical data & LSA results
Costs information
Seed CBOT, IMF, FAO-OCDE, WB
Fertilisers WB http://www.worldbank.org/en/research/commodity-markets
Agrochemicals WB
Fuel Nymex Futures https://www.cmegroup.com/trading/energy/crude-oil/light-sweet-
Freight
Own estimation based on 
fuel and salaries data
Tilling & Applications
Own estimation based on 
fuel and salaries data
Technical Services
Insurance
Drying
Coverage
Macrovariables
Exchange Rate Own estimation
https://www.bcu.gub.uy/Estadisticas-e-Indicadores/Paginas/Expectativas-
Economicas.aspx
Inflation Own estimation https://www.bcu.gub.uy/Politica-Economica-y-Mercados/Paginas/default.aspx
Salaries Own estimation
https://www.mtss.gub.uy/web/mtss/22-ganaderia-agricultura-y-actividades-
conexas
VARIABLE
Annual nominal yield of a global bond with maturity 2050, traded on 
7/09/2018 in the Electronic Stock Market (BEVSA).
Annual inflation in United States.
COMMENTS
Linear trend estimated with data from DIEA (agricultural survey) and OPYPA.
Soybean Price
Deloitte based on Cámara 
Mercantil
The price for the fiscal year is obtained as a weighted average of the monthly 
price by the percentage of soybean sold in each month.
Costs The survey covers around 10% of the total soybean area.
http://7moencuentro.mto.org.uy/wp-content/uploads/2018/08/Observatorio-
Oleaginosos-Uruguay_Zafra-2017-2018v3.pdf
Evolved with soybean price.
Keeping linear trend.
Deloitte and MTO based on a 
Farmer's survey
Soybean Price CBOT, IMF, FAO-OCDE, WB
Evolved with CBOT prices the first years of the analysis and with WB the rest 
of the years.
Evolved with fertiliser price.
Evolved with salaries.
Keeping Real Historical Annual Average Growth Rate. Wages are still being 
discussed in group 22 (livestock, agriculture and related activities).
Evolved with inflation.
Evolved with inflation.
Evolved with costs of tillage.
BCU Expectation Survey and application of the Power of Parity of Purchase 
methodology.
BCU Expectation Survey and Inflation Target.
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IV - Results 
 
This chapter shows the results of the methodology described in the previous 
chapter. Firstly, the expected baseline scenario for soybean yields and economic 
margin up to 2060 is described. Secondly, the outcomes of the risk analysis that 
involve the consideration of multiple climate scenarios are presented. Finally, the 
key findings are summarised later in the ‘contributions to knowledge’ section in 
the conclusion chapter. 
4.1 Baseline Scenario - Biophysical and Climate Analysis 
In order to evaluate the potential consequences of climate change in agriculture 
the Land Suitability Analysis was carried out. It aims to determine the 
appropriateness of a soil for a specific use over time. Modifications in land 
suitability can be appreciated by comparing current suitability maps (obtained 
from historical climatic and soil data) with future ones (obtained from climatic 
forecasts and assuming soil data remains unchanged). In that context, the 
expected changes in climate variables were explained firstly in this section, 
followed by the results of the application of the LSA. 
4.1.1 Expected Changes in Climate Variables 
As mentioned in the previous chapter, historical and future climate data used in 
the land suitability analysis was obtained from WorldClim’s website. In turn, of all 
available global circulation models and representative concentration pathways, 
the CCSM4 model and the RCP 8.5 (high emissions scenario) were considered. In 
this scenario the following changes are expected: 
o By 2040-2060 average temperatures between October and April are 
expected to rise by 2.2 °C compared to historical values, within a range of 
1.9 °C and 2.4 °C across the study region. 
o By 2040-2060 cumulative rainfall between October and April are projected 
to increase by 55 mm relative to historical data, ranging from 40 mm to 70 
mm across the study area. 
o In relation to radiation, future projections are not yet available. It was 
assumed to remain constant. 
Those expected changes can be seen in the following maps:  
69 
 
Figure 16. Average temperature - Historical, future and change.  
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Figure 17. Rainfall - Historical, future and change.  
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To appreciate the evolution of climate variables on a monthly basis see maps in 
appendix I. The following graphs show the average evolution of the climate 
variables within the study region. 
Figure 18. Monthly evolution - climate variables - study area average. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                Source: own estimation based on Worldclim data.  
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4.1.2 Land Suitability Analysis 
In this section, the results obtained from the application of the land suitability 
analysis are explained step-by-step. For that purpose, it is worth remembering 
that the model considers two main elements: water and nutrient availability. 
 Regarding the first factor, the water balance model was calculated on a 
monthly basis in order to observe its temporal evolution. That progression can be 
seen in figure 19. On the one hand it considers the water availability and on the 
other hand, the water balance. Those variables were described in section III.1.1. 
As stated in the methodological chapter, the water availability in each month was 
estimated as the amount of water available at the end of the previous month, plus 
the rains of the month considered, minus the crop evapotranspiration of the 
month considered. If that equation is negative, the result is set to zero (as we 
cannot accumulate a negative amount of water). On the contrary, if the equation 
is higher than the soil water holding capacity, the result is set to that value, since 
the water excess is lost. On the other hand, the water balance formula allows 
negative values, since the restriction to set the result to zero when the previous 
equation was negative is lifted. In that way, not only do we see if there was a deficit 
or not, but we can also see the magnitude of that deficit. 
The maps show that during October and November, no water restrictions are 
observed. This is consistent with the assumption that the initial water stock was 
100% of the soil water storage capacity. Additionally, at that stage, rainfall exceeds 
the demand for water from the previous crop in October (e.g. oats) and from 
soybeans in their initial stage of development in November.  
Water restrictions start to appear in December. In fact, at the north east of the 
study region, shallow soils predominate, with a depth of up to 20 cm and a water 
holding capacity lower than 40 mm. Moreover, in that month the temperature and 
the radiation increase (and consequently, water demand rises), meanwhile 
rainfalls decreases. In that context, a water deficit situation occurs in that area. 
This is reflected both in the water availability map as in the water balance map. 
The first one shows a null value in the north east of the area, indicating the 
presence of deficit, and the second one displays negative figures, reflecting the 
magnitude of that deficit. 
In January, the water deficit extends to other areas of the country, as the 
difference between water supply and demand becomes more negative. However, 
water is still available in areas with deeper soils. This is the period when a bigger 
disparity within the region analysed can be appreciated. The water deficit in the 
north east of the region is high, whereas the scarcity in the rest of the area is null 
or low. 
That situation changes in February, when the entire area analysed is under water 
stress, even in the deeper soil regions. In other words, the “advantage” of soil 
depth is lost at that stage and all areas suffer from a “structural water deficit” 
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relative to soybean requirements. The same happens in March, when water stress 
persists. Furthermore, in those months the deficit gap in some parts of the south 
coastal regions (where the better soils are located) is greater or equal than that 
observed in the northeast area. 
Subsequently, that deficit is reversed in April, because the difference between 
precipitation and evapotranspiration becomes positive again. 
Figure 19. Water availability and water balance. Monthly historical data.  
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Appendix I shows the remaining variables involved in the calculation of the water 
availability and water balance. It shows the application of the water balance model 
step-by-step from climate data and also considers the soil water holding capacity. 
After estimating the water balance for each month, that information was 
aggregated to obtain a summary indicator of the situation in the whole soybean 
cycle. In order to do that, the weightings indicated in the land suitability model 
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(see figure 9) were utilised. Those figures show that the critical periods correspond 
to the flowering and grain filling development stages that take place between 
January and March. The combined weight of those months is 75%, which is broken 
down as follow: January - 45%, February - 15% and March - 15%. Those values 
respond to the fact that, as previously explained, January is the period when the 
“performance” of deep soils is more differentiated from that of shallow soils, since 
they still have water reserves.  
The results of the water balance observed in all the soybean cycle can be observed 
in figure 20. As expected, the best areas to produce soybean are located mainly in 
the south littoral and in the western areas of the north littoral and centre, while 
the worst are situated to the north east of the study area.  
Figure 20. Historical water balance - soybean cycle. 
         The map reference indicates that the more positive the water  
          balance, the higher the index and vice versa. To interpret the  
          numbers please refer to figure 9. 
The monthly evolution of the water balance is similar when future climate data is 
considered. However, there are differences in the magnitude of the water deficit 
in some periods, which determines that the water balance in the whole cycle will 
be marginally worse in the future. This happens because even when an increase 
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in rainfall is expected, the rise in water demand due to higher temperatures more 
than offsets the rainfall effect. 
The worsening of the water deficit occurs mainly in the north littoral of the study 
area, while the water balance remains almost the same in the south littoral and in 
the centre. Regarding that conclusion, it is important to point out that the region 
likely to be most negatively affected by climate change is an area where soybeans 
are not currently produced. Nevertheless, this study focuses on potential areas to 
produce that commodity, regardless of the current land use. 
Figure 21. Water availability and water balance. Monthly and cycle future data. 
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The map reference indicates that the more positive the water balance, the higher the 
index and vice versa. To interpret the numbers please refer to figure 9. 
Finally, it is worth clarifying that crop development is not only affected when there 
is a water deficit, but also before the water level reaches the wilting point. This 
concept is defined in section III.1.1, where the estimation of the soil water holding 
capacity made by Molfino (2009) is described. Indeed, according to FAO (2012), 
plants are affected when the water level is lower than 60% of the available water 
during the critical periods. That percentage drops to 40% during the rest of the 
cycle. 
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The results found here are consistent with the findings of the study conducted by 
Giménez (2014) and covered in the literature review. That research suggests that 
water deficiencies are the main limiting factor of soybean production. Particularly, 
water deficits during the critical period (flowering and grain filling) caused 
significant yield reductions compared to a situation of no water stress. Conversely, 
water deficiencies during the stages prior to the critical period did not generate 
statistical differences. Yields without water deficiencies doubled and tripled the 
country's averages in the first and second year of the study respectively. As 
Giménez (2014) explained, such results indicate a “structural” water deficit and 
manifest the need for the implementation of a supplementary irrigation strategy. 
Additionally, that outcome is consistent with the study carried out by Montoya et 
al. (2017), which was also described in the literature review section. 
The environmental and social impacts and the organisational arrangement needed 
to develop irrigated production should also be considered. This is particularly 
relevant because that subject is currently being analysed in Uruguay. In fact, a 
strategy to promote irrigation in rain fed agriculture has been under 
developmentin Uruguay since 201543. For that purpose, modifications to the 
previous irrigation law were introduced and the regulatory decree is now under 
discussion. These changes generated a debate (with strong positions both in 
favour and against irrigation) in a society that is currently more environmentally 
conscious. 
 Regarding the nutrient component of the model, the results are shown in 
the following map. Unlike those observed in the case of the water component 
(which indicates that the best soils to produce soybeans are located near the south 
coast of the country), the nutrient component highlighted that the most fertile 
soils are situated to the north of the study area. Similarly, the level of erosion is 
lower in that region as the activities developed there are less intensive. 
                                                          
43 
http://www.mgap.gub.uy/sites/default/files/multimedia/estrategia_fomento_agricultura_regada
_2015_banco_mundial.pdf  
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Figure 22. Nutrient availability. Historical data. 
         The map reference indicates that the greater the availability   
         and mobility of nutrients, the higher the index and vice versa. 
         To interpret the numbers please refer to figure 9. 
 
Appendix I presents the maps corresponding to each of the elements that 
comprise the nutrient component of the LSA. Those elements are soil fertility, 
erosion, pH and drainage. 
 After obtaining the results from each of the components related to water 
and nutrient availability, the land suitability index was calculated using the 
corresponding weights (80% for water and 20% for nutrients). 
 
The outcomes of that aggregation can be seen in the following maps. 
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Figure 23. Land Suitability Index, calculated with historical climate data. 
 
 
Figure 24. Land Suitability Index, calculated with future climate data. 
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As the LSA reflects mostly the water availability component, the interpretation of 
the previous maps is almost the same than the interpretation given to figure 20. 
Additionally, in comparative terms, the future LSA index is slightly more negative 
than that corresponding to the past. This can be more clearly appreciated at the 
north of the study region, since the changes in the rest of the area are almost 
indiscernible. 
Those conclusions can also be observed in the tables below. The greatest change 
would be seen in the north littoral, where the percentage of land classified as very 
low suitability increased from 2% to 12%. In that way, the suitability index for that 
region would decrease 7% in the future up to 2060 compared to the historical 
situation. On the contrary, in the south littoral and centre, that index would 
remain almost stable. In that context, the overall suitability index for the study 
region would drop 4% over the period analysed, which would be explained almost 
exclusively by the expected drop in the north littoral.  
Table 9. Land Suitability Index, calculated with historical climate data. 
 
Table 10. Land Suitability Index, calculated with future climate data. 
 
LSA SOYBEAN - HISTORICAL
Has 1000 % Has 1000 %
Has 
1000
%
Has 
1000
%
Restricted 31 45 170 247
Very low 8 0% 67 2% 75 3% 150 2%
Low 33 2% 914 25% 146 6% 1,094 14%
Medium low 307 16% 545 15% 363 15% 1,215 15%
Medium 800 41% 636 17% 1,124 45% 2,560 32%
Medium high 448 23% 540 15% 331 13% 1,318 16%
High 344 18% 890 24% 439 18% 1,673 21%
Very high 1 0% 48 1% 18 1% 67 1%
TOTAL 1,940 3,642 2,495 8,077
South Littoral North Littoral Centre TOTAL
LSA SOYBEAN - FUTURE
Has 1000 % Has 1000 %
Has 
1000
%
Has 
1000
%
Restricted 31 45 170 247
Very low 18 1% 447 12% 88 4% 553 7%
Low 34 2% 669 18% 147 6% 850 11%
Medium low 321 17% 737 20% 366 15% 1,425 18%
Medium 802 41% 447 12% 1,107 44% 2,356 29%
Medium high 440 23% 502 14% 329 13% 1,270 16%
High 326 17% 838 23% 441 18% 1,605 20%
Very high 1 0% 2 0% 18 1% 20 0%
TOTAL 1,941 3,642 2,495 8,078
South Littoral North Littoral Centre TOTAL
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Additionally, it is worth saying that the following two scenarios were also 
evaluated: 
- Firstly, as radiation forecasts are not yet available, an alternative scenario 
was calculated that assumed an increase of radiation of 5% compared to the 
historical values. In this case, the suitability index for the study region would 
decrease by 12%, instead of 4%, as calculated in the baseline scenario. 
- The LSA was calculated considering the minimum function. That is, instead 
of assigning a weight for each water and nutrient component (80% and 20% as 
contemplated here), the minimum of each variable was considered. The outcomes 
were quite similar to those obtained in the baseline scenario, since the most 
important limiting factor is water deficit. 
 
Finally, it is worth clarifying that some areas of low fertility where forestry is 
currently carried out, were classified in this model as suitable to produce soybean. 
This result is consistent with the fact that those soils are deep and the LSA assigned 
a higher weighting to the water balance component (which is more positive when 
soils are deeper) than the nutrient component. In consequence, if the forestry law 
did not exist and soybean price were high enough to more than compensate the 
higher costs of fertilisation, it would be possible to sown soybean in those lands. 
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4.1.3 Complementary environmental analysis 
In order to provide information to achieve a better balance between agriculture 
and natural resources, the role of different ecological areas were also considered. 
As mentioned in the methodological section, those areas are: protected and 
potential protected areas, RAMSAR areas, biosphere reserves, threatened 
ecosystems, IBAs (Important Bird Areas) and areas of conservation priorities. They 
were previously defined. 
Some of those areas possess high environmental value to support biodiversity and 
ecosystem services and therefore, should be preserved to build a sustainable 
future. That means that they should not be used for agricultural purposes, even if 
the land suitability analysis indicated that such area was highly suitable for 
producing soybeans.  
This is the case in particular of the protected areas and will also be the case, of the 
potentially protected areas, where regulations prohibit the cultivation of soybeans 
(law 17.234, link). Those areas account for a small part of the study region. In fact, 
they cover less than one hundred hectares of about 8.5 million (see the table 
below). Regarding the other environmental considerations, there are no legal 
restrictions for agriculture, although it is highly advisable to create for example, 
biological corridors or buffer zones to diminish the possible negative impacts of 
production on natural resources. For a better visualisation of each of the 
environmental areas considered, the reader is referred to appendix III, where a 
map for each factor is included. 
Figure 25. Other environmental aspects. 
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Table 11. Other environmental aspects.  
                                   Source: own elaboration based on MVOTMA. 
 
Finally, there are other areas that cannot be utilised for agricultural purposes. 
Those areas correspond for instance, to flood areas, urban and industrial areas as 
well as the areas occupied with infrastructure (such as roads, see figure 27). 
Additionally, a considerable part of the area under study is currently used for other 
production purposes, e.g. for livestock production or forestry. Anyway, the land 
suitability analysis was applied in order to identify potential soybean areas, 
regardless of the current land use. 
Figure 26. Land use. 
 
 
 
Hectares Thousands
Protected Areas 78
Potential Protected Areas 38
Areas RAMSAR 7
IBAs 2,139
Biosphere Reserve 50
Conservation Priorities 6,069
Threatened Ecosystems N/A
Environmental Area
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Table 12. Land use. 
 
Source: own elaboration based on MVOTMA. 
 
Figure 27. Infrastructure. 
 
 
  
Hectares Million % of total
Natural herbaceous 4 50%
Crops 3 38%
Forestry, native forest and shrubbery 1 11%
Flood areas 0 0.6%
Urban areas 0 0.4%
Fruits 0 0.4%
Naked areas 0 0.0%
Quarries and mines 0 0.0%
Palm grove 0 0.0%
Land Use
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4.2 Baseline Scenario - Economic analysis 
In order to conduct the economic analysis, data regarding the margins obtained in 
the last fiscal year (2017/2018) was collected in the first place. The data is shown 
in the following table, which reflects information published by Deloitte (2018) 
from a farmer survey. It is worth clarifying that the yield considered is not what 
was actually observed. The soybean production of the last fiscal year was 
negatively affected by a severe drought, resulting in an average productivity of 1.2 
ton per hectare, the lowest value in the last two decades. In that context, the yield 
considered was the “expected” value according to the historical linear trend (see 
figure 29). In that way, the analysis is focused on projecting yields in "normal" 
climatic situations. 
In addition to the estimation of the average gross margin for the previous fiscal 
year, the dispersion of profits that would have been observed throughout the 
study area in the absence of climate shocks is illustrated in the next map. In the 
northeast of the region (especially in parts of Salto, Paysandú and Durazno) the 
gross margin would have been negative or null, while it would have been mainly 
positive in the rest of the area. 
Table 13. Soybean average gross margin - Fiscal year 2017/18. 
Source: own elaboration base on DIEA and a farmer survey carried out by Deloitte and 
MTO. 
SOYBEAN
GROSS MARGIN (US$/Ha) - 2017/18
INCOME
Price US$ / Ton 361
Yield Kg / Ha 2,279
Gross Income US$ / Ha 823
COSTS
Seed & Inoculant US$ / Ha 58
Agrochemicals US$ / Ha 58
Fertilisers US$ / Ha 76
Fuel US$ / Ha 37
Freight - inputs US$ / Ha 5
Tilling and applications US$ / Ha 142
Technical services US$ / Ha 10
Insurance US$ / Ha 15
Freight - output US$ / Ha 70
Drying US$ / Ha 12
Coverage, service crop US$ / Ha 80
Costs US$ / Ha 562
GROSS MARGIN
Gross Margin US$ / Ha 260
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Figure 28. Soybean gross margin within the region - Fiscal year 2017/18. 
 
Looking forward, the margin was forecasted from the figures presented in table 
13. As indicated before, soybean yield was projected considering the historical 
linear trend. It is usually associated with technological and climate changes, while 
yield volatility around that trend is related to climate variability. Additionally, the 
LSA results were also taken into account. In fact, a decrease of 4% in the average 
soybean yield in the long term (up to 2060) compared to the historical values is 
expected. That situation is reflected in the yellow line in the following graph. 
Figure 29. Expected soybean yield. 
 
 
 
 
 
 
 
 
 
            Source: own elaboration based on DIEA and OPYPA. 
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The assumptions made to forecast the rest of the variables that appear in the cash 
flow are described in appendix IV. The entire cash flow is also provided there. 
The results of the forecast indicate that under “normal” climatic conditions, the 
average gross margin in the study area would continue to be positive, as can be 
appreciate in figure 30. Consequently, the net present value was favourable, 
approximately US$ 7,000.  
Figure 30. Gross margin forecast. US$ - current values. 
 
Despite the above, it should be noticed that considering also the costs of the land 
rent (approximately US$ 250/ha/year)44 and other fixed costs such administrative 
expenses (around US$ 100/ha/year)45, the margin would decrease significantly. In 
fact, it would have been almost null in 2017/18.  
This situation raises many questions regarding the economic sustainability of the 
business: are sales prices too low (is the business no longer profitable)? Are costs 
of production too high? (as commented before, that was identified as the main 
concern for farmers in the survey run by Equipos Mori). Are yields too low? Are 
land rents too high? What about taxes? Are risks well covered? Should we 
introduce some regulation or transformational changes to reverse that situation? 
Is it a combination of the previous factors? Has the traditional growth model come 
to an end? All these questions are being debated in the sector. Particularly, some 
of the points were discussed in a FUCREA seminar (Uruguayan Federation of 
Regional Centres for Agricultural Experimentation), see also footnote 44. 
All these questions suggest that more research is needed. However, the 
theoretical frameworks mentioned in the literature review already provide some 
guidelines about possible actions to take to address those issues. For instance, the 
eco-economy model promotes product differentiation and diversification (that 
implies studying for example, what by-product can be valued? which niche market 
                                                          
44 
http://www.mgap.gub.uy/sites/default/files/comunicado_prensa_arrendamientos_anual_2017.p
df  
45 http://fucrea.org/institucional/sectoriales/agricola/jornada  
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exists?), “decommoditisation”46, short supply chains, local opportunities, local 
energy independence, innovation, new technologies, among others. Additionally, 
the development of agricultural insurances can also be part of the actions taken 
to reduce climate risks. In this regard, studies like those developed in this work 
contribute to the understanding of the influence of climate variables on 
productivity, diminishing therefore, the problem of “moral risk”47, highly 
associated with insurance. Furthermore, other measures such as governmental 
subsidies, regulation changes, changes in the crop sown or changes in the crop 
rotations can be made. Lastly, it is important to consider the trade-off between 
technological changes and employment and the new capacities and education that 
would be needed in the future. 
  
                                                          
46 Agricultural non-commodities are non-homogeneous products (imply specialisation), generally 
traded in the domestic market and sold in niche markets. They are for instance, organic goods and 
high value – processed products, among others. 
47 This refers to the situation in which the person who buys the insurance has more information 
than the insurer and consequently, can use it to her/his personal benefit. In this particular case, 
the farmers could apply more risky non-recommendable practices, since if they do not work, they 
are already covered by insurance (if the effect of management and climate on yields cannot be 
properly distinguished). 
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4.3 Multiple Scenarios - Risk analysis  
4.3.1 Sensitivity analysis 
As explained in the methodological section, the sensitivity analysis aims to 
evaluate the net present value variations due to changes in one variable, keeping 
the other factors constant. In this research, the variables assessed were those that 
affect farmers’ incomes (soybean price and yields) and costs (seeds, fertiliser and 
agrochemicals, fuel, salaries and the exchange rate). An increase of 10% of those 
variables was assumed and that figure was compared to the associated NPV 
variation in order to calculate the elasticity (NPV change / variable change). The 
results are shown in table 14. 
Table 14. Sensitivity Analysis. 
 
From the previous table it can be concluded that economic margins are more 
sensitive to changes in soybean prices and yield than to variations in costs. As this 
research focuses on climate impacts, price volatility was not considered. 
Additionally, it would have been useful to analyse the NPV sensitivity to changes 
in land rents and in taxes. However, those variables are not part of the gross 
margin and therefore, were not considered in the cash flow. 
  
Variable
Sensitivity 
Factor
NPV 
baseline
NPV (Baseline 
+10%)
Variation 
NPV (US$)
Variation 
NPV (%)
ELASTICITY
INCOMES
Soybean Price 10% 7,017            8,844                   1,826            26% 2.6%
Yield 10% 7,017            8,964                   1,947            28% 2.8%
COSTS
Seeds 10% 7,017            6,897                   121-                -2% -0.2%
 Fertilisers and 
Agrochemicals 
10% 7,017            6,688                   329-                -5% -0.5%
Fuel and Salaries 10% 7,017            6,443                   574-                -8% -0.8%
Exchange Rate 10% 7,017            7,347                   330                5% 0.5%
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4.3.2 Monte Carlo analysis 
The Monte Carlo analysis consisted in the simulation of hundreds of climate 
scenarios. Specifically, one thousand climate conditions were simulated in the 
statistical program called R. Afterwards, the corresponding soybean yield to each 
climate scenario was calculated, through the application of the land suitability 
model. In turn, each projected yield scenario was incorporated in the cash flow to 
estimate the corresponding economic margin. Finally, each gross margin projected 
was discounted with a 5% discount rate and one thousand net present values were 
calculated. From those values the probability distribution function was built. It is 
presented in the following figure. 
Figure 31. Net present value probability distribution function - Frequency. 
 
Table 15. Some NPV statistics. 
 
Both the graph and the table illustrate that in all simulated scenarios the NPV is 
positive. It means that even considering that in some years the margins would be 
negative, the "good" years within the projection period more than compensate 
for the losses suffered during the “bad” years. Therefore, it is important to 
generate savings in good years or have access to financing during bad years. 
In any case, it is important to clarify that this analysis does not contemplate 
multiple scenarios of soybean prices or costs. Furthermore, it does not consider 
land rent or other fixed costs neither. Hence, the conclusion obtained here does 
not apply to those who are not the owners of the land and/or who have high fixed 
costs. In this regard, no official data is available for the percentage of owners and 
tenants of the land in the total soybean area. Additionally, this result does not 
mean that every particular establishment is profitable.  
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V - Conclusions 
 
This research used a novel biophysical-climatic modelling approach to study the 
impacts of climate change and variability on soybean yield in Uruguay up to 2060 
and hence, to identify the best areas to produce them now and in the future. 
Additionally, it incorporates an economic evaluation and a sensitivity and Monte 
Carlo analyses, in order to evaluate also the economic sustainability and the risks 
associated with soybean production. Although this research is based on a case-
study, the methodology developed here can clearly be extended to other regions 
as well as to other commodities. 
 
Contributions to Knowledge 
The key findings of this research can be summarised as follows: 
• Climate change would imply a slight drop (of 4%, as measured by the land 
suitability index estimated here) in the land suitability to produce soybean 
in the average of the area studied in Uruguay as we move into the future. 
• This responds to the fact that, although an increase in rainfall is projected 
towards 2060, higher temperatures are likely as well. Consequently, the 
difference between water supply and demand (identified as a key driver of 
productivity) would remain almost unchanged. 
• At the sub-regional level, some differences would be observed. Indeed, the 
aptitude of soils to produce soybeans would fall on the northern area of 
the country, while it would remain stable on the south and central regions. 
• The least affected regions are those where soybean production is 
concentrated at present. In any case, the Land Suitability Analysis (LSA) 
evaluates potential areas to grow soybean, regardless of current land use.  
• Current soybean average yield is far from its potential - around 2.3 ton per 
hectare compared to 5 - 6 ton per hectare. 
• The main restrictive factor for reaching the potential yield is the water 
deficit; that is, the difference between the water available and the water 
required for the full growth of the crop. There is a structural water 
shortage. 
• Even in the case of the deepest soils in the study area, the water supply is 
insufficient. In those areas, water shortage takes longer to appear, but in 
February, in both the current and in the future situations, there is already 
a water scarcity in the entire study region. 
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• Consequently, the "advantage" generated by soil depth is lost at the end 
of January and, thereafter, the water availability depends exclusively on 
the difference between rainfall and evapotranspiration. Moreover, in 
some periods that difference is more favourable in the north (where 
superficial soils predominates) than in the south of the study region. 
• All the above-mentioned facts highlight the need for supplementary 
irrigation. However, related environmental and socio-economic aspects 
besides institutional arrangements and regulations have to be assessed. 
• The economic evaluation showed positive results under the defined 
assumptions. 
• The Monte Carlo analysis indicated that in all the simulated scenarios the 
net present value was positive. This means that the losses generated 
during the “bad” years would be more than compensated with the gains of 
the "good" years within the projection period. The Monte Carlo analysis is 
a risk modelling technique, which was conducted here in order to evaluate 
how the risks associated with future climate and therefore, with future 
yields, would affect farmers’ economic margin. 
• The baseline economic scenario and those simulated by the Monte Carlo 
analysis do not consider, however, the situation of those who are not 
owners of the land and hence, have to pay a rent for its agricultural use. 
This is an important concern and it generates doubts about the 
sustainability of those farmers if changes are not introduced. Those 
changes may include for instance, a price adjustment or different taxation 
regime. 
 
Methodological Considerations and Suggestions of Further Research 
This section describes methodological considerations to be made and suggestions of 
future research questions. It is organised according to the main methodological steps. 
LAND SUITABILITY ANALYSIS 
General Comments 
The methodology described in this research could be applied to several 
commodities, in order to analyse the interactions and dynamics between them. It 
would provide useful information in the strategic planning process, by facilitating 
land use optimisation.  
However, the LSA approach has some limitations. The key ones are (i) it does not 
consider some management aspects, such as fertilisation (ii) farmers’ knowledge 
and other socio-economic considerations (e.g. age, education, risk adversity, farm 
size and property) neither does it contemplate (iii) inaccuracies in the weightings 
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assigned to each variable and in the ranges and rating established in the LSA can 
emerged. 
Additionally, the LSA results refer to the quantity of the product obtained but do 
not consider its quality. Particularly, it could be useful to analyse for instance, the 
behaviour of insects (which affect grain quality) under a changing climate, since 
warmer temperatures may mean populations increase due to longer growing 
seasons or that, the insects start to impact plants at more vulnerable crop stages.  
Besides, in LSA the water balance is calculated on a monthly basis. This could lead 
to an overestimation of the available water in the case of heavy rainfall occurring 
in a short period of time since therefore the runoff would be high and plants would 
not benefit fully from that water. 
The incorporation in the analysis of the aforementioned factors would require 
however, a great amount of information at the farmer level and additional 
research, which are not currently available. 
Soil Data 
The LSA operated at a regional/local level and not at the farm level. Specifically, 
the data utilised in the research corresponded to the CONEAT cartography at a 
1:40.000 scale. Furthermore, CONEAT groups are not homogenous soil 
associations. Instead, they account for “dominant” features of each area analysed. 
Moreover, in this research it was assumed that soil quality will not change in the 
next forty years, but actually it could be affected by management practices and 
climate changes. 
Climate Data 
Climate information used in this research was obtained from a global circulation 
model from Worldclim’s website and was not downscaled to Uruguay. This has 
some disadvantages, since global models do not necessarily reflect what happens 
at the national level, especially in the case of rainfall, and do not consider 
information generated in local meteorological stations. Another limitation of the 
analysis is that radiation forecasts are not yet available. 
However, as the quality of the input data improves and becomes available, the 
results obtained in this research can be validated and enhanced. This 
consideration also applies in the case of soil data. 
Another aspect to consider is that the LSA model does not usually incorporate 
extreme weather events, as was the case in this research. Instead, it works with 
average values. However, that shortcoming was addressed through the Monte 
Carlo analysis. 
Lastly, future studies can incorporate the fact that as soybeans are a C3 crop (which 
refers to the photosynthesis process), its sensitivity to CO2 concentration is higher 
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than in the case of C4 crops and therefore, their responses to an increase in that 
element could be greater than the considered here.  
ECONOMIC ANALYSIS 
This research considers national average prices and costs in Uruguay. It does not 
consider social aspects and environmental externalities. Additionally, it is assumed 
that the costs in volumes (e.g. kg /ha of fertilisers) remain stable into the projected 
future; however, they will change in line with technological and environmental 
changes. Therefore, it would be useful to build a “dynamic” model in future 
research. 
Crop sequences and their impacts on yields and soil conservation were not 
assessed. It would be interesting for additional studies to analyse different crop 
rotations (specially, those considered in the soil conservation law) and suggest 
which ones are more economically and environmentally sustainable. 
Finally, the cash flow provided in this research can contribute to the study of 
required supplementary irrigation to rain fed crops to tackle the water deficit 
referred before. This action has been promoted through the recent amendments 
to the Irrigation Law. 
MONTE CARLO ANALYSIS 
The Monte Carlo analysis was applied in this research to determine the probability 
of obtaining positive economic results under hundreds of climate scenarios. This 
valuable analysis can also be applied to other variables. In particular, and as was 
concluded from the sensitivity analysis, it would be interesting to analyse the 
behaviour of the net present value under multiple scenarios of soybean price.  
Finally, in future studies the Monte Carlo analysis could be applied also to different 
areas of Uruguay, by means of a variogram. 
 
This research contributed to a better understanding of the impacts of climate 
change and climate variability on soybean production in Uruguay. Likewise, it 
provided useful information for the identification of the most suitable areas to 
produce soybeans now and in the future. This study also contributed to the 
knowledge of how to perform an integrated assessment of aspects linked to 
economic and biophysical sustainability in agriculture. Finally, this research 
allowed me to expand my capacities to understand important agronomic and 
environmental aspects of soybean production and it gave me the opportunity to 
suggest relevant topics that should be studied further in order to increase the 
possibilities of reaching a sustainable intensification of agriculture. 
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Acronyms 
 
INITIALS MEANING 
AHP Analytic Hierarchy Process 
BCU Central Bank of Uruguay 
DEM Digital Elevation Model General 
DSA Soil and Water Division 
DGRN (ex RENARE) Direction of Natural Resources 
FAO Food and Agriculture Organization 
FUCREA 
Uruguayan Federation of Regional Centres for 
Agricultural Experimentation 
GCM Global Climate Model or General Circulation Models 
GDP Gross Domestic Product 
GHG Greenhouse Gases 
GIS Geographic Information System 
IDE Spatial Data Infrastructure 
INIA National Institute of Agricultural Research 
INIA GRAS Agro-climate and Information System unit of INIA  
INUMET Uruguayan Institute of Meteorology 
IPCC Intergovernmental Panel on Climate Change 
LSA Land Suitability Analysis 
MCA Multi Criteria Analysis 
MGAP Ministry of Livestock, Agriculture and Fisheries 
MTOP Ministry of Transport and Public Works 
MTO Oilseeds Technological Board 
MVOTMA 
Ministry of Housing, Territorial Planning and the 
Environment 
NPV Net Present Value 
OPYPA Office of Programming and Agricultural Policies 
RCP Representative Concentration Pathways 
WB World Bank 
WECD 
World Commission on the Environment and 
Development 
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Glossary 
 
Adaptation: The process of adjustment to actual or expected climate and its 
effects. In human systems, adaptation seeks to moderate or avoid harm or exploit 
beneficial opportunities. IPCC, 2014. 
Adaptive Capacity: The ability of systems, institutions, humans and other 
organisms to adjust to potential damage, to take advantage of opportunities, or 
to respond to consequences. IPCC, 2014. 
Analytic Hierarchy Process (AHP): It is a framework of logic and problem solving 
which is based on the human ability to use information and experience to estimate 
relative magnitudes through paired comparisons. These comparisons are used to 
construct ratio scales on a variety of dimensions both tangible and intangible. 
Arranging these dimensions in a hierarchy or network structure allows a 
systematic procedure by breaking down a problem into its smaller constituents' 
parts. The AHP thus leads from pairwise comparison judgments to setting 
priorities in the hierarchy. Saaty, 1994. 
Climate: The slowly varying aspects of the atmosphere–hydrosphere–land surface 
system. AMS, 2012. 
Climate Change: Any systematic change in the long-term statistics of climate 
elements sustained over several decades or longer. AMS, 2012. 
Climate Variability: Variations in the mean state and other statistics (such as 
standard deviations, the occurrence of extremes, etc.) of the climate on all spatial 
and temporal scales beyond that of individual weather events. IPCC, 2014. 
Exposure: The presence of people, livelihoods, species or ecosystems, 
environmental functions, services, and resources, infrastructure, or economic, 
social, or cultural assets in places and settings that could be adversely affected. 
IPCC, 2014. 
Extreme Weather: An extreme weather event is an event that is rare at a particular 
place and time of year. Definitions of rare vary, but an extreme weather event 
would normally be as rare as or rarer than the 10th or 90th percentile of a 
probability density function estimated from observations. IPCC, 2014. 
GCM: Numerical representation of the climate system based on the physical, 
chemical and biological properties of its components, their interactions and 
feedback processes and accounting for some of its known properties. IPCC, 2014. 
LSA: Methodology used to determine the appropriateness of a soil for a specific 
use over time. Faggian et al., 2016. 
Land Use: Land use refers to the total of arrangements, activities and inputs 
undertaken in a certain land cover type (a set of human actions). The term land 
use is also used in the sense of the social and economic purposes for which land is 
managed (e.g., grazing, timber extraction and conservation). IPCC, 2014.  
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Land Use Change: Land-use change refers to a change in the use or management 
of land by humans, which may lead to a change in land cover. Land cover and land-
use change may have an impact on the surface albedo, evapotranspiration, 
sources and sinks of greenhouse gases (GHGs), or other properties of the climate 
system and may thus give rise to radiative forcing and/or other impacts on climate, 
locally or globally. IPCC, 2014. 
Mitigation: A human intervention to reduce the sources or enhance the sinks of 
greenhouse gases (GHGs). IPCC, 2014. 
RCP: Scenarios that include time series of emissions and concentrations of the full 
suite of greenhouse gases (GHGs) and aerosols and chemically active gases, as well 
as land use/land cover. IPCC, 2014. 
Resilience: The capacity of social, economic and environmental systems to cope 
with a hazardous event or trend or disturbance, responding or reorganizing in 
ways that maintain their essential function, identity and structure, while also 
maintaining the capacity for adaptation, learning and transformation. IPCC, 2014. 
Risk: The potential for consequences where something of value is at stake and 
where the outcome is uncertain, recognizing the diversity of values. Risk is often 
represented as probability or likelihood of occurrence of hazardous events or 
trends multiplied by the impacts if these events or trends occur. IPCC, 2014. 
Risk management: The plans, actions or policies to reduce the likelihood and/or 
consequences of risks or to respond to consequences. IPCC, 2014. 
Sustainability: A dynamic process that guarantees the persistence of natural and 
human systems in an equitable manner. IPCC, 2014. 
Sustainable Development: Development that meets the needs of the present 
without compromising the ability of future generations to meet their own needs. 
WCED, 1987. 
Uncertainty: A state of incomplete knowledge that can result from a lack of 
information or from disagreement about what is known or even knowable. IPCC, 
2014. 
Vulnerability: The propensity or predisposition to be adversely affected. 
Vulnerability encompasses a variety of concepts and elements including sensitivity 
or susceptibility to harm and lack of capacity to cope and adapt. IPCC, 2014. 
Weather: Short-term (minutes to days) variations in the atmosphere. AMS, 2012. 
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Appendix I – LSA Subcomponents 
               
I.1 – Nutrient Component 
Note: There are some differences in the total amount of hectares presented in the 
tables, which would respond to the fact that data was collected from different 
sources. 
Figure 32. Soil Fertility.  
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Table 16. Soil Fertility. 
 
Figure 33. Organic Matter (One of the most relevant components of soil fertility).  
 
Table 17. Organic Matter. 
 
 
 
 
 
 
 
Value South Littoral North Littoral Centre TOTAL %
< 2% 70 133 114 316 4%
2% - 5% 835 1,083 1,062 2,980 37%
> 5% 1,032 2,319 1,435 4,786 59%
TOTAL 1,938 3,534 2,611 8,083 100%
% 24% 44% 32% 100%
Organic Matter (%) - Hectares (thousands)
Value South Littoral North Littoral Centre TOTAL %
Very low 36,310 57,381 145,245 238,936 3%
Low 42,349 105,537 100,936 248,821 3%
Medium low 7,743 200,541 25,201 233,484 3%
Medium 138,427 170,633 59,665 368,724 4%
Variable 656,154 1,158,241 1,343,073 3,157,468 37%
Medium high 152,491 405,595 163,177 721,263 9%
High 728,374 578,846 668,253 1,975,473 23%
Very high 241,318 1,058,674 208,219 1,508,210 18%
TOTAL 2,003,166 3,735,447 2,713,768 8,452,381 100%
% 24% 44% 32% 100%
Fertility - Hectares (thousands)
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Figure 34. Potassium (Another of the most relevant components of soil fertility).  
 
Table 18. Potassium. 
 
 
 
 
 
 
 
 
 
Value South Littoral North Littoral Centre TOTAL %
0 - 0.25 148 540 525 1,212 15%
0.25 - 0.5 398 594 670 1,661 21%
0.5 - 1 906 1,013 1,113 3,033 38%
1 - 2 485 1,219 281 1,985 25%
> 2 0 169 22 191 2%
TOTAL 1,938 3,534 2,611 8,082 100%
% 24% 44% 32% 100%
Potassium (meq/100g) - Hectares (thousands)
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Figure 35. Drainage.  
 
Table 19. Drainage. 
 
 
 
 
 
 
 
 
 
Value South Littoral North Littoral Centre TOTAL %
Very slow 21 21 9 52 1%
Slow 156 345 214 715 8%
Moderate 1,134 1,619 1,106 3,860 46%
Rapid 691 1,750 1,384 3,825 45%
TOTAL 2,003 3,735 2,714 8,452 100%
% 24% 44% 32% 100%
Drainage (velocity) - Hectares (thousands)
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Figure 36. pH in Water.  
Table 20. pH in Water. 
 
 
 
 
Figure 37. Erosion.  
Value South Littoral North Littoral Centre TOTAL %
< 4.5 and > 8.5 6 14 29 49 1%
4.5 - 5 0 2 100 101 1%
5 - 5.5 & 6.5 - 8.5 234 584 551 1,369 17%
5.4 - 6.5 1,697 2,935 1,930 6,562 81%
TOTAL 1,938 3,534 2,611 8,083 100%
% 24% 44% 32% 100%
pH in Water - Hectares (thousands)
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Figure 38. Na Interchangeable.  
It was not included in the LSA because it is homogenous along the region and it does not 
constitute a limiting factor.  
 
Table 21. Na Interchangeable. 
 
 
 
 
 
 
 
Value South Littoral North Littoral Centre TOTAL %
> 15% 1 0 15 16 0%
5% - 15% 21 4 35 61 1%
0% - 5% 1,905 3,530 2,553 7,987 99%
TOTAL 1,927 3,534 2,603 8,064 100%
% 24% 44% 32% 100%
Na Interchangeable (%) - Hectares (thousands)
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I.2 – Water Component. Step-by-step. 
 
Source: Own elaboration based on WorldClim and MGAP. The diagram shows how the different maps where connected in ArcGIS to build the 
water balance model. Note that the water balance in one period depends on the previous water balance. After obtaining the water balance for 
each month, the water balance for the whole cycle is calculated considering the weighting shown at the beginning of this annex. 
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Figure 39. Water Holding Capacity. 
 
 
Table 22. Water Holding Capacity. 
 
 
 
 
 
 
 
 
 
 
Some of the variables that were used in the calculation of this indicator are shown 
in the following page. 
Value South Littoral North Littoral Centre TOTAL %
0 - 35 3 1,086 179 1,269 15%
35 - 70 54 368 316 738 9%
70 - 95 653 529 883 2,065 24%
95 - 120 233 477 459 1,170 14%
120 - 145 561 478 556 1,595 19%
145 - 170 476 673 264 1,413 17%
170 - 225 24 124 58 206 2%
TOTAL 2,005 3,736 2,715 8,456 100%
% 24% 44% 32% 100%
Water Holding Capacity - Hectares (thousands)
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114 
 
Figure 40. Water Balance October. 
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Figure 41. Water Balance November. 
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Figure 42. Water Balance December. 
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Figure 43. Water Balance January.   
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Figure 44. Water Balance February.   
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Figure 45. Water Balance March.  
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Figure 46. Water Balance April.  
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Appendix II -LSA Calibration – Correlation Analysis 
Note: regressions were not presented because the results were not conclusive. 
Table 23. Correlation analysis, soil data.  
Calculated with data from CONEAT cartography (1976). A Horizon, Molfino and MGAP. 
 
 
 
 
 
Source: own estimations based on SIGRAS. 
Sand 
(%)
Silt 
(%)
Clay 
(%)
pH
C 
(%)
Org. 
Ma. 
(%)
N 
(%)
Ca 
(%)
Mg 
(%)
K (%)
Na 
(%)
Sum 
Bases 
(%)
Inter. Al 
(meq/100
g soil)
C.E.C. pH=7 
(meq/100g)
C.E.C. 
pH=8,2 
(meq/100g)
Sat. In 
bases 
pH=7 (%)
Sat. In 
bases 
pH=7 (%)
Inter. Al. 
(%)
Inter. Na 
(%)
Coneat
Available 
Water (mm)
Sand (%) 1.00 -0.51 -0.35 0.37 0.31 0.24 0.07 -0.16 0.17 0.18 0.18 -0.27 0.25 -0.08 -0.05 0.07 -0.03 0.27 0.38 -0.33 -0.16
Silt (%) -0.51 1.00 0.64 0.53 0.56 0.59 0.14 0.54 0.60 0.45 0.35 0.56 0.10 0.21 0.06 0.13 0.07 0.02 -0.06 0.30 0.33
Clay (%) -0.35 0.64 1.00 0.63 0.68 0.72 0.26 0.89 0.78 0.50 0.36 0.91 0.22 0.51 0.17 0.29 0.12 0.14 0.07 0.45 0.22
ph 0.37 0.53 0.63 1.00 0.99 0.97 0.30 0.69 0.95 0.70 0.58 0.62 0.39 0.34 0.09 0.32 0.09 0.32 0.31 0.14 0.19
C (%) 0.31 0.56 0.68 0.99 1.00 0.99 0.30 0.73 0.96 0.71 0.57 0.67 0.39 0.37 0.10 0.31 0.09 0.31 0.31 0.17 0.18
Org. Ma. (%) 0.24 0.59 0.72 0.97 0.99 1.00 0.30 0.77 0.97 0.70 0.56 0.71 0.37 0.38 0.10 0.31 0.09 0.29 0.28 0.20 0.18
N (%) 0.07 0.14 0.26 0.30 0.30 0.30 1.00 0.26 0.25 0.20 0.14 0.21 0.08 0.39 0.12 0.33 0.10 0.35 0.07 0.19 0.26
Ca (%) -0.16 0.54 0.89 0.69 0.73 0.77 0.26 1.00 0.80 0.53 0.36 0.98 0.20 0.58 0.14 0.41 0.11 0.21 0.05 0.43 0.26
Mg (%) 0.17 0.60 0.78 0.95 0.96 0.97 0.25 0.80 1.00 0.69 0.56 0.77 0.37 0.40 0.11 0.30 0.09 0.26 0.26 0.19 0.22
K (%) 0.18 0.45 0.50 0.70 0.71 0.70 0.20 0.53 0.69 1.00 0.40 0.49 0.27 0.25 0.14 0.25 0.13 0.20 0.14 0.17 0.17
Na (%) 0.18 0.35 0.36 0.58 0.57 0.56 0.14 0.36 0.56 0.40 1.00 0.33 0.21 0.14 0.06 0.16 0.06 0.16 0.16 0.02 0.10
Sum Bases (%) -0.27 0.56 0.91 0.62 0.67 0.71 0.21 0.98 0.77 0.49 0.33 1.00 0.18 0.55 0.15 0.36 0.12 0.14 0.02 0.42 0.25
Inter. Al (meq/100g soil) 0.25 0.10 0.22 0.39 0.39 0.37 0.08 0.20 0.37 0.27 0.21 0.18 1.00 0.08 0.14 0.03 0.14 0.10 0.84 -0.15 0.03
C.E.C. pH=7 (meq/100g) -0.08 0.21 0.51 0.34 0.37 0.38 0.39 0.58 0.40 0.25 0.14 0.55 0.08 1.00 -0.04 0.82 -0.09 0.75 0.02 0.44 0.05
C.E.C. pH=8,2 (meq/100g) -0.05 0.06 0.17 0.09 0.10 0.10 0.12 0.14 0.11 0.14 0.06 0.15 0.14 -0.04 1.00 -0.14 0.96 -0.13 0.13 0.12 0.13
Sat. In bases pH=7 (%) 0.07 0.13 0.29 0.32 0.31 0.31 0.33 0.41 0.30 0.25 0.16 0.36 0.03 0.82 -0.14 1.00 -0.12 0.91 0.04 0.35 -0.03
Sat. In bases pH=7 (%) -0.03 0.07 0.12 0.09 0.09 0.09 0.10 0.11 0.09 0.13 0.06 0.12 0.14 -0.09 0.96 -0.12 1.00 -0.11 0.16 0.08 0.14
Inter. Al. (%) 0.27 0.02 0.14 0.32 0.31 0.29 0.35 0.21 0.26 0.20 0.16 0.14 0.10 0.75 -0.13 0.91 -0.11 1.00 0.23 0.22 -0.06
Inter. Na (%) 0.38 -0.06 0.07 0.31 0.31 0.28 0.07 0.05 0.26 0.14 0.16 0.02 0.84 0.02 0.13 0.04 0.16 0.23 1.00 -0.20 0.01
Coneat -0.33 0.30 0.45 0.14 0.17 0.20 0.19 0.43 0.19 0.17 0.02 0.42 -0.15 0.44 0.12 0.35 0.08 0.22 -0.20 1.00 0.32
Available Water (mm) -0.16 0.33 0.22 0.19 0.18 0.18 0.26 0.26 0.22 0.17 0.10 0.25 0.03 0.05 0.13 -0.03 0.14 -0.06 0.01 0.32 1.00
Color Reference Values >= 0,70
Code References
Sand (%) Sand (%) Ca (%) Calcium (%) C.E.C. pH=8,2 (meq/100g) Cation exchange capacity at pH=8,2 (meq/100g)
Silt (%) Silt (%) Mg (%) Magnesium (%) Sat. In bases pH=7 (%) Saturation in bases at pH=7 (%)
Clay (%) Clay (%) K (%) Potassium (%) Sat. In bases pH=7 (%) Saturation in bases at pH=8,2 (%)
ph ph Water Na (%) Sodium (%) Inter. Al. (%) Interchangeable Aluminum (%)
C (%) Carbon (%) Sum Bases (%) Sum of Bases (meq/100g soil) Inter. Na (%) Interchangeable Sodium (%)
Org. Ma. (%) Organic Matter (%) Inter. Al (meq/100g soil) Interchangeable Aluminum (meq/100g soil) Coneat Coneat
N (%) Nitrogen (%) C.E.C. pH=7 (meq/100g) Cation exchange capacity at pH=7 (meq/100g) Available Water (mm) Potentially available water, net (mm)
Color Reference Values >= 0.60
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Table 24. Correlation analysis, climate and yield data. 
Calculated with climate data from La Estanzuela from 1973 to 2018. 
Data refers to soybean full cycle, November - April (left table).       Data refers to soybean full cycle & for each stage (right table). 
 
 
 
 
 
 
 
 
Clarifications: Yield data for La Estanzuela refers to 2000 - 2018. 
Correlations were calculated on the variables in difference Yt - Yt-1 
Source: own estimations based on INIA. 
Yield - National 
Average
Yield - La Estanzuela 
(Cultivars )
Cum. Rain Full Cycle 0.31 0.06
Cum Rain Emergence -0.36 0.36
Cum Rain Flowering 0.63 0.10
Cum Rain Grain Filling 0.06 0.09
Cum Rain Maturity -0.17 -0.42
Av. Temp. Full Cycle -0.16 -0.02
Av. Temp. Emergence -0.01 0.19
Av. Temp. Flowering 0.25 -0.07
Av. Temp. Grain Filling -0.04 -0.09
Av. Temp. Maturity -0.16 -0.53
Min. Temp. Full Cycle 0.04 0.05
Min. Temp. Emergence -0.07 0.32
Min. Temp. Flowering 0.37 0.05
Min. Temp. Grain Filling 0.01 0.18
Min. Temp. Maturity -0.11 -0.51
Max. Temp. Full Cycle -0.26 -0.08
Max. Temp. Emergence 0.05 0.03
Max. Temp. Flowering 0.11 -0.16
Max. Temp. Grain Filling -0.09 -0.36
Max. Temp. Maturity -0.18 -0.44
Heliophany Full Cycle -0.24 -0.17
Heliophany Emergence 0.03 -0.21
Heliophany Flowering -0.40 -0.42
Heliophany Grain Filling 0.11 -0.45
Heliophany Maturity 0.11 0.17
Evapotran. mm -0.51 -0.09
Wind 2m.km.24hs -0.20 0.36
Cum. 
Rain mm
Av. 
Temp. ºC
Min. 
Temp. ºC
Max. 
Temp. ºC
Heliophany 
hs
Solar Rad. 
cal.cm2.day
Evapotran
. mm
Wind 
2m.km.24hs
Cum. Rain mm 1.00 -0.19 0.29 -0.48 -0.57 -0.57 -0.63 -0.39
Av. Temp. ºC -0.19 1.00 0.78 0.89 0.43 0.44 0.47 -0.06
Min. Temp. ºC 0.29 0.78 1.00 0.41 -0.12 -0.12 -0.05 -0.26
Max. Temp. ºC -0.48 0.89 0.41 1.00 0.72 0.72 0.72 0.10
Heliophany hs -0.57 0.43 -0.12 0.72 1.00 1.00 0.74 0.15
Solar Rad. cal.cm2.day -0.57 0.44 -0.12 0.72 1.00 1.00 0.75 0.16
Evapotran. mm -0.63 0.47 -0.05 0.72 0.74 0.75 1.00 0.41
Wind 2m.km.24hs -0.39 -0.06 -0.26 0.10 0.15 0.16 0.41 1.00
Color Reference Values >= 0.60
Code References
Cum. Rain mm Cumulative Rainfall mm
Av. Temp. ºC Average Temperature ºC
Min. Temp. ºC Minimum Temperature ºC
Max. Temp. ºC Maximum Temperature ºC
Heliophany hs Heliophany hs
Solar Rad. cal.cm2.day Solar Radiation cal.cm2.day
Evapotran. mm Evapotranspiration mm
Wind 2m.km.24hs Wind 2m.km.24hs
Dif Difference (Yt - Yt-1)
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Appendix III – Complementary Environmental Analysis 
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Infrastructure and Land Use 
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Appendix IV - Economic Analysis 
 
Soybean price 
 
 
 
Model - In difference (Xt – Xt-1) 
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Source: Cámara Mercantil, World Bank and CBOT.
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Soybean Price
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Source: Cámara Mercantil and World Bank.
Independent variable Coefficient P-value
International price 0.87 0.00
R2 = 0.87
Dependent Variable: Soybean - Local price
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Fertiliser and Agrochemical prices 
 
 
 
 
Model 
 
 
 
 
0
200
400
600
800
1,000
1,200
1980 1990 2000 2010 2020 2030 2040 2050 2060
Fertiliser Prices
US$ / ton - Nominal terms
International Price
Local Price
Source: Urunet and World Bank.
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Fertiliser price
Source: DIEA and World Bank.
Independent variable Coefficient P-value
International price 1.21 0.00
R2 = 0.98
Dependent Variable: Fertiliser - Local price
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Fuel price 
 
 
Model - In difference (Xt – Xt-1) 
 
Real Exchange Rate 
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Source: ANCAP and NYMEX.
Independent variable Coefficient P-value
International pr. Brent 0.64 0.00
R2 = 0.81
Dependent Variable: Fuel - Local price
50
100
150
200
250
1980 1990 2000 2010 2020 2030 2040 2050 2060
Real Exchange Rate
UY$ / US$ - Index 2015 = 100
Observed values
Forecasted values
Historical Average 1980-2017
Source: BCU.
129 
 
 
Model 
 
Nominal Exchange Rate 
Real Exchange Rate = (Nominal Exchange Rate * CPI) / CPI in EEUU 
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Independent variable Coefficient P-value
C 131 0.00
AR(1) 0.71 0.00
AR(2) 0.33 0.12
AR(3) -0.35 0.02
MA(1) 0.82 0.00
R2 = 0.88
Prob (F-statistic) 0.00
Dependent Variable: Real Exchange Rate
0
20
40
60
80
100
120
140
160
180
2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 2055 2060
Nominal Exchange Rate
UY$ / US$
Observed values
Forecasted values
Source: BCU.
130 
 
CPI United States 
 
CPI Uruguay 
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Nominal Wage Price 
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Appendix V - Climate Variables - Distribution 
 
As commented in the methodological chapter, the distribution of the climate 
variables considered in the LSA (rainfall, average temperature and radiation) 
were estimated as part of the Monte Carlo analysis. The Weibull and Shapiro 
tests did not contradict the assumption that both the average temperature and 
radiation have a normal distribution, while rainfall has a Weibull distribution. The 
tests were run on historical climate data for La Estanzuela climate station48. 
Rainfall 
The historical parameters for each month are shown below each histogram. 
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scale ; shape (111 ; 1.55)                               scale ; shape (96 ; 1.32) 
                                                          
48 Data for other climatic stations within the study area was also collected, but the series were 
not as long as La Estanzuela and there were also some missing numbers. 
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scale ; shape (118 ; 1.87) 
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Radiation (mean refers to the data provided in the maps) 
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